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ABSTRACT

A new model is reported for the prediction of the
electrical conductivity of polymeric materials filled with
conducting particles, short fibers, and/or platelets. The
model takes into account chain and network formation by
contacting filler units which provide continuous conduction
paths. The incorporation of this important structural
feature shows that sharp transitions in conductivity occur
within a narrow range of filler concentrations. The
critical concentrations associated with these transitions
establish the minimum concentration of conducting filler

required to achieve conducting behavior.

Preliminary evaluations of the model indicate that
it can be used to rank candidate materials. Predictions of
absolute levels of conductivity require knowledge of (i)
experimentally determined values for the conductivity of
each of the components, (ii) the volume fraction (or weight
fraction) of each of the components, (iii) an independent
characterization of the average state of orientation of the
conducting components, and (iv) an independent characteriza-

tion of the average aspect ratio associated with the filler

ii




iii

shape. The characteristic parameters of the contact
provabilities (determined by the orientation and aspect
ratio distributions) are particularly sensitive to pro-
cessing conditions. Consequently, variations in processing
procedures can have a pronounced effect on the electrical
properties. This result emphasizes the importance of
conducting a microstructural characterization program in
concert with electrical characterizations. A procedure is
identified for determining the essential microstructural

data.

The routine application of the model relationships
as a screening tool for candidate material systems requires
tedious computations. An interactive computer program was
developed to conduct these routine calculations. A user's

guide with illustrative examples is given in the appendix.
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INTRODUCTION

The rapidly evolving electronics industry hés
prompted the need for light weight, low cost materials that
can be formed by existing processing procedures into
housings that possess electromagnetic shielding charac-
teristics resembling metals. Considerable interest has
developed in the use of corrosion resistant polymeric
rnaterials filled with conducting particles, fibers, and/or
platelets. The word "metalloplastic" [Davenport, 1981] has
been coined to distinguish this class of heterogeneous
materials from the emerging class of homgeneous semi-

conducting and conducting nolymeric materials.

One of the key material properties required of
metalloplastics in these applications is electrical conduc-
tivity approaching the range of metals. The wide range of
possible compositions and filler géometries (e.g., fibers,
particles, platelets) precludes a total reliance on direct
laboratory characterization of the directionally dependent
electrical properties of these materials. Accordingly, an
objective of this work was to develop models to predict the

electrical properties of metalloplastics with the intent of




providing a screening tool for the identification of
composite systems which are conducting and exhbit

acceptable properties.

It is evident that such a model will contain

parameters associated with:

0 the electrical properties of the components;

o the composition {(e.g., volume fraction or
weight fraction);

O the shape of the conducting filler; and
© the relative orientation and/or packing
geometries of the conducting fillers.
It can be anticipated that the computational complexities
introduced by the necessity of treating such an extended set
of parameters will require computer programs for the imple-
mentation of the model. Accordincly, a second objective of

this work was to develop interactive computer programs to

facilitate the use of the models as a screening tool.




CLASSIFICATION OF TRANSPORT PROPERTIES

Electrical conductivity belongs to the general class

of transport properties which include:

o thermal conductivity
o dielectric constants
o0 magnetic permeability

o diffusivity

As noted by Wu and McCullough [1977], among others, each of
these properties is governed by linear constitutive rela-
tionships which connect a response field to an applied field
through an appropriate descriptor of the material. These
descriptors (e.qg., electrical and thermal conductivity) are
the key "intrinsic" material parameters that are required
for the evaluation of the performance of various designs of
fabricated parts of complex shapes. In particular,
computer-aided design techniques aimed at achieving such
evaluations require these material parameters as input. Such
an evaluation would include the processing of position
variant fiber distribution and orientation information
[Quigley, 1982] into a format for a finite element analysis

package such as ADINAT [1982].




Although the underlying physical processes differ
for each of the transport properties, the mathematical
structure for model relationships that connect the proper-
ties and microstructure of the components of these composite
systems to the effective (average) bulk descriptors will be
similar. Consequently, it can be anticipated that models
developed for electrical conductivity will find application
in predicting other transport properties (e.g., thermal

conductivity and dielectric constants).

The general structure of linear transport relation-

ships is of the matrix form:

I _ -~ -
Fi K11 Ky Kyj Gy
Fy = Ko1r Kyp o Kyj G, (1)
Fs K31 K3y Ky, G,

where the G's are components of the applied field (e.qg.,
electrical fields, temperature gradients, chemical

potentials) and the F's are components of the corresponding

response field. The Kij's are the appropriate descriptors
of the material (e.g., thermal conductivity, electrical con-
ductivity, and diffusivity, respectively). Symmetry

requires that Kij = Kji . These relationships can be




simplified by restricting attention to the important class
of composite materials which exhibit orthotropic symmetry
characterized by three mutually verpendicular planes of
material symmetry. If the "1", "2", and "3" directions are
selected as the principle axes, only the diagonal terms of

[K] survive, so that Equation (1) reduces to

— - _ _ _ _
Fl Kll 0 0 Gl
F, = 0 Kyq 0 G, (2)
F3 0 0 K33 G3

where K11, K22, and K33 can be selected to refer to the
"longitudinal", "transverse" and "through-the-thickness"
properties of a rectangular panel specimen. The behavior of
a transversely isotropic material can he obtained as a
special case by setting any two of the K's equal (e.g.,

K22 = K33); isotropic material symmetry is obtained by
equating all K's, viz., Kj) = Kg2 = K33 . Behavior in
directions other than the principle axes can be obtained by
projecting the K's through well known rotational transfor-

mations. As a consequence of this reduction, the double

" i

ji" can be replaced by a single index, i.e.,

Kji = K5 .




Based on this general formulation, models developed
for the various K's (representing electrical conductivity)
may be extended to the prediction of other transport proper-

ties by replacing the appropriate modification of the K's

with the transport property of interest.




REVIEW OF TRANSPORT MODELS

The literature is replete with relationships
proposed to predict various transport properties. Models
for thermal conductivity are reviewed by Progelhof et al
[1976]; models for electrical and magnetic properties are
reviewed by Hale [1976]. As with thermomechanical proper-
ties [McCullough, 1971], the-various approaches to model
development may be broadly classified as "Mechanics of

Materials," "Self-Consistent Field," and "Bounding."

The mechanics of materials approach directs
attention to simple geometries and introduces gross approxi-
mations to the response fields. For example, the simplest
of such models would correspond to continuous conducting
fivers all aligned parallel to the "1" direction. The con-
ductivity in the "1" direction is obtained by considering
that the conducting fibers are connected in parallel with an

"insulating" matrix so that

K, = v K. + v K (3a)

where the subscripts denote the fiber "f" and matrix "m",

respectively; Vvf is the volume fraction of the fiber with




The conductivity in the "2" (or "3") direction is
obtained by considering that, in the transverse direction,
the conducting fibers and insulating matrix respond through

a series connection so that

(1/K,) = (ve/Kp) + (v /K )
or

ePet Vv 0 (3b)

The "rule of mixtures" expressed by Equations (3) has been
verified as an appropriate model for predicting the longi-
tudinal transport properties for the special case of con-
tinuous and aligned fibers [Equation (3a)]. However, these
simple models fail to predict the transverse properties
[Equation (3b)], and are inadequate for particulate and

short fiber filler geometries.

In contrast, the self-consistent field approach
introduces gross approximations in phase geometry and
simplifies the representation of the response field in an
attempt to obtain rigorous solutions to boundary value
problems. These models generally overestimate transport
properties. The bounding approach avoids the difficulties

introduced by complex microstructures by directing attention

to establishing upper and lower bounds on the transport




properties rather than predicting the properties. The
results from these bounding approaches can serve as a prac-
tical guide to material behavior only if the upper and lower
bounds are sufficiently close so as to bracket the actual
behavior within experimental error. 1In general, the
transport properties of filler and polymer differ by several
orders of magnitude so that the upper and lower bounds are

too far apart to provide useful results.

All of these approaches have their countetpart in
developing models to predict the elastic constants of com-
posite materials. Indeed, several workers have noted the
similarity between the structure of Equation (2) to the
shear modulus "block" of the elastic constant array and have
proposed that transport properties can be predicted by
replacing the shear modulus in various elastic models by the
transport properties [e.g., Aston et al, 1969]. This
analogy appears to give reasonable results for continuous
fiber composites; it fails to describe the behavior of short

fiber and particulate filled materials.

While some models appear adequate for predicting
certain transport properties for restricted filler
geometries, no model provides the generality demanded for

the prediction of the entire class of transport properties
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for a variety of filler geometries. As pointed out by
Nielsen [1974], among others, the deficiencies of the
various models stem from the neglect of important structural
features. Noting that the Halpin-Tsai relationship [Aston
et al, 1969] was a convenient form for representing upper
and lower bound relationships, as well as results from self-
consistent field models, Lewis and Nielsen [1970] introduced
modifications in the Halpin-Tsai relationship to partially
account for the shape and packing geometry of inclusions.
These workers argue that the volume fraction of filler can-
not exceed a value associated with close packed geometries
(as determined by the shape of the filler). Accordingly,
the volume fraction of filler was adjusted to account for
the limitation on the maximum volume fraction. Estimates of
the modification parameters for various collections of
spheres and rods are given by these workers. Predicted
values for elastic moduli and thermal conductivity obtained
from this modification are in better agreement with observed
behavior than predictions obtained from models which ignore
the influence of the microstructure. McGee and McCullough
[1981] have shown that the Lewis-Nielsen modification of the
Halpin-Tsai relationship tends to overestimate elastic
moduli at high filler concentration. These workers report a

new model that gives good agreement between predicted and
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observed elastic moduli for particulate filled systems as
well as porous materials. Bradbury and Bigg [1980] show
that while the thermal conductivity of aluminum and copper
filled epoxies are reasonably approximated by the Lewis-
Nielsen relationship, the electrical conductivity exhibits a
sharp transition that is not accounted for by the Lewis-

Nielsen equation, or any other available relationship.

Gurland [1966] proposed that the observed sharp
transitions in electrical conductivity of metal filled
polymers was a consequence of the formation of chains of
contacting fillers which provide continuous paths for con-
duction. The relative frequency of such continuous paths
should be dependent upon the shape of the filler and the
volume fraction of filler. The Lewis-Nielsen relationship
requires that such chain formation occur only in the
vicinity of the maximum packing fraction of filler.
Evidently, significant chain formation can occur at con-
siderably lower volume fractions of filler. This effect is
amplified when the transport phenomena can be distinguished
as volume (e.g., thermal conductivity) versus surface (e.qg.,

electrical conductivity) transport processes.




FORMULATION OF NETWORK MODEL

In view of Gurland's [1966] and other similar
proposals, it is reasonable to assume that chain and network
formation is the origin of the sharp transitions observed in
the electrical conductivity. The qualitative significance
of chain and network formation is illustrated in Figure 1
for a particulate filled polymer. The resistivity of the
particulate filler is taken as Pp = 10-6 ohm-cm
[Ke¢ = 106 (ohm-cm)-1]; the polymeric binder has a resistiv-
ity of pp = 1016 ohm-cm [Ky = 10716 (ohm-cm)-1]. As illus-
trated in Figure 1, the resistivity of the composite may
range by several orders of magnitude from that of an
insulator (p = 10+*14 - 10*16 ohm-cm) to that of a conductor
(p = 102 - 10-3 ohm-cm) as the volume fraction of the con-
ducting filler, vg is increased. The transition from insu-

lator to conductor can be rationalized by the following

structural arguments.

Structural Basis

At low volume fractions, the conducting £fillers are

isolated by the insulating matrix phase. Consequently, the

12
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Figure 1. Illustration of the role of chain and network
formation in establishing the electrical reisis-
tivity, p , of a metal particle filled polymer.
The open circles represent isolated metal
particles. The closed circles represent contact-
ing particles that form chains and networks of
continuous conduction paths as the volume

fraction, vg , of the particles is increased.
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composite tends to exhibit the high resistivities of the

matrix (p = lO+l6

ohm-cm) and behaves as an insulator. In
this insulating plateau region, the resistivity slightly
decreases with increasing concentration of conducting
particles as approximated by Equation (3b). As the con-
centration of conducting particles is further increased, the
probability of particle-particle contact is enhanced. These
contacts promote the formation of bead-like chains which
provide continuous conduction paths that mimic the behavior
of filaments of the the conducting materials. The transi-
tion from bead-like to fiber-like behavior occurs at a
critical volume fraction, vf¢ = 3¢ , for which the average
number of particle-particle contacts begins to exceed "1".
Based on Gurland's observations, this critical concentration
is in the vicinity of vg = 0.3. Further increases in the
volume fraction concentration of the conducting particles
causes a progressive increase in the average chain length of
contacting particles so that the behavior rapidly tends
toward the limiting behavior of a continuous fiber system.
The structure associated with the region intermediate
between insulating and conducting behavior is illustrated in
Figure 1 by the closed circles which represent contacting
particles participating in chains of varying conduction path

lengths.




A continued increase in the concentration of
conducting particles causes an increase in the average
number of contacts. Eventually, the average number of con-
tacts will exceed "2" so that chain branching occurs which
gives rise to network formation. This second structural
transition occurs at the saturation volume fraction ve = ¢é
associated with the onset of network formation (i.e., that
concentration at which the average number of contacts begins
to exceed "2"). From Gurland's observations, the saturation

concentration occurs in the vicinity of Ve = 0.4.

Upon the onset of incipient network formation at

VE = o4

» the multitude of continuous conduction paths
causes a transition to behavior dominated by the highly
conducting (low resistivity) filler material. The structure
assoclated with the conducting plateau is illustrated in
Figure 1 by the closed circles which represent contacting
particles participating in a continuous network of conduct-
ing paths. A further increase in the concentration of
conducting particles beyond the saturation concentration
simply fills the interstices of the network with additional

conducting material so that the conductivity follows the

behavior predicted by Equation (3a).

The significance of network formation in

establishing high levels of conductivity was demonstrated by
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Malliaris and Turner [1971]. These workers tumbled large
particles of polymers (polyvinvl chloride; polyethylene)
with metal powders (nickel; copper). As illustrated in
Figure 2a, the metal powder adhered to the surface of the
larger polymer particles. The metal-powder coated polymer
particles were subsequently compacted under conditions which
limited flow. Photomicrographs of the compacted material
revealed metal particle networks shown in an idealized form
in Figure 2b. As a consequence of the segregation of metal
particles, network formation (and consequently, high levels
of conduction) were achieved at a significantly lower
saturation concentration (¢é = 0.06) than would be required
if the particles were dispersed uniformly throughout the

polymer phase.

These qualitative considerations indentify features
of the microstructure that must be incorporated into quanti-
tative models. The development of such models can be

approached in two stages:

o The development of transport models which
account for a distribution of path lengths.

o The development of statistical models to
predict path length distributions in terms

of the concentration of filler, and the




Figure 2.
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)

(b)

Illustration of enhancement of conductivity
through network formation induced by segregation
of conducting particles. The top figure repre-
sents an idealized segregated structure for large
polymer particles (cross-hatched) coated with
metal powder (open circles). The bottom sketch
represents an idealized network of contacting
metal particles formed by compacting the syvstem.
After Malliaris and Turner [1971].
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orientation and shape of the conducting filler

(e.g., particles, fibers, or platelets).

Approach

Transport Models:

Improved bounds on transport properties were
recently reported by Nomura and Chou [1980]. These workers
focused attention on a system of aligned fibers of equiva-

lent but arbitrary aspect ratio, "a". The results from this
analysis take into account two- and three-point correlation
functions through the use of the modified Eshelby tensor
developed by Wu and McCullough [1977]. These bounds provide
a basis for establishing the theoretical limits for conduc-
tivity. However, without further treatment these limits aré
of little practical value since the upper and lower bounds
on electrical conductivity may differ by 14 to 16 orders of
magnitude. Wu and McCullough [1977] have shown that
behavior intermediate between these wide limits is strongly

dependent upon the microstructure developed within the

composite material.

The bounding results were extended to account for
distributions in fiber lengths. Following the approach of

McGee and McCullough [1981], these improved bounds were used
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to obtain model relationships to predict intermediate
behavior between the limiting bounds as dictated by distri-
butions of contact path lengths for collections of
particles, fibers, and platelets. This model provides con-
stitutive relationships for a "Representative Volume
Element" (RVE). The predicted properties of the RVE provide
subsequent input to an "Aggregate Model" [Jarzebski, McGee
and McCullough, 19827, which accounts for orientation

distributions.

Statistical Models:

For a given number, N, of filler elements, the path
length distributions may be obtained by the application of
"random flight statistics" traditionally used to predict
dimensions cf polymer molecules. The key parameter of the
resulting distribution function is the "contact probabil-
ity". Studies of contact probabilities for particles are
available from the chemical engineering literature related
to packed bed catalytic reactors; e.g., Suzuki et al [1981].
The results from these studies were used o estimate the
concentration dependence of the contact probability and
hence the behavior of the path length distributions as a

function of particle concentration. These results were

extended to fibers through approximate geometrical

constructions.




SUMMARY OF MODEL RELATIONSHIPS

The mathematical structure of the network model is

summarized in Tables I through III. The K's represent any

one of the following transport properties:

o electrical conductivity

0 thermal conductivity

o diffusivity

o dielectric constants (both real and imaginary)

o0 magnetic permeability

The distinction between the various transport properties is
achieved by specifying certain parameters (described in a
subsequent section) related to surface and volume transport
mechanisms; however, attention will be restricted to
electrical conductivity. The network model accounts for the
following important structural features of composite

materials:

o0 intermediate states of fiber orientation
through an orientation parameter, f :
o filler shape through the aspect ratio

parameter, "a". (For continuous fibers,

20
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TABLE I

Orientation Dependence

<Kji> = Bulk transport property
Ki = RVE transport property
fv = Orientation parameter
Axial Orientation: £
1 * 2* 2 * *
= — K — [ -
<K,> T K+ 3K, + FE (Kl K2)
l * 2* l * *
<Ky> = <Kp> = 3 K, + 3K, -3 £ (Kl - K2)
1 2
= — - 117
fa 5 [3<cos 9> 1]
2 m/2 2
<cos“9>_ = [ cos% n (¢) siny d¢
0 p
Planar Orientation: fp
l * l* l r* *
Ky =3 Ky 5Ky v 5, (K - Ky)
1 % 1 * 1 J* *
<Kl> = 7 Kl + -é—Kz + —Z—f (L{l - K2)
*
<K3> = K2
£ = 2<cosz¢> -1
p P
2 n/2 2
<cos“9> = [ cos np(¢) sing do¢
0
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TABLE II

Constitutive Properties of RVE

Transport Property Filler Matrix
Longitudinal XFy Kn
Transverse KF2 Xn
Volume Fraction Ve Vm
(i =1,2)
KFi > Km

K. + - K <y .>
K K {K (vm Vf) A <Y }

% Fi m 1
K = 2 3
* KF. Km * Evm KF. - Ve Km] AKi RN
i i
K = + v I
K Vfo. Vme
i
Ahi = KFi - Km

<yl> =Y Hl(vfl a)

= 1 -
<y,> = <yy> = r Y, H(vf, a)l
= 1 -
yo(a) h(a)

(continued)
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(Table II, continued)

2 [ a2 2_, 1/2
a > 1 h(a) = ; {1 - %_[f g ) 1/2 _ (2 51) :} in
a -1 | a“-1 a
1/2 )
< a+(a“-1)
S 172
a-(a”-1)
a =1 h(l) = 2/3
2 21/2 2 1/2
O<a<l h(a) = -2 5 [(1-; ) + (=2 2) } tan—l
l1-a a 1-a
2 1/2
X (1'3 ) -1
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TABLE III

Path Distributions

Ve = filler volume fraction a = filler aspect ratio

Critical Concentrations

! a(a)_l/3

©
[

"= g(a) "Y/3

©
Il

Transport Mechanism

Bulk: a = 2/3, 8 =1/3 Surface: a = 0.4, 8 = 0.3

Mean: ui = 3 7
Z, + 2
i 1
] "
¢ — 0
Spread: a; = ? f
Z. + Z,
i i

3

i 2
" (1-¢;) R.y
(Zi 2 2 E.n Ol = 0 W 2:!
3{p (1-y ) + (1-0 Jy )

1-h(a) (Table I1I)

] ] 2
' Yot  (1=¢ IR
(Z.)2 5 ln[: o'¢ ol 1.]

SN
It

O“<
i

R =
; KFi/Km (Table II)

(continued)




{Table III, continued)

Distribution Functions

> .
£f— "1

Hi(v ,a)

25

(i = 1,2)
1 - o(X.)
Ve Ty

g.

R
o (] xi )
Hy T Ve

g .

1

X, 2

1 i -t7/2
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a » 2 ; for short fibers, a > 1 ; for
particles, a = 1 ; and for platelets,

0 <a<1l.)

These important features are discussed in the following

sections.

Orientation Dependence

Under the Aggregate Model [Jarzebski, McGee and
McCullough, 19821, the properties of a bulk specimen may be
obtained by averaging the properties of a transversely
isotropic Reprasentative Volume Element (RVE), characterized

by the properties K* and K; , over appropriate orientation

1
distributions. The details of the averaging procedures are
given elsewhere [McGee, 1982]. The results for contracted
second rank tensors corresponding to transport properties,

K, are summarized in Table I for two important types of

orientation distributions -- axial and planar. The quanti-

ties <X1>, <K3>, and <X3> are the observed properties of the

bulk specimen along the specimen axes (e.g., the longitudi-
nal "1" direction, the transverse or width direction, "2,
and the perpendicular or thickness direction, "3"). The

quantities KI and K; are the properties of the transversely

isotropic RVE predicted by the constitutive relationship

given in Table II.
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Axial orientation distributions are associated with
processing procedures (e.g., injection molding) in which
fibers achieve a three-dimensional distribution. The impor-
tant features of an axial distribution are ilustrated in
Figure 3. In this case, the orientation distribution func-
tion, n($), gives the fraction of filler elements which lie
on a cone making an angle ¢ with respect to the "1" axis of
the specimen. The normalized distribution is taken as sym-
metric around the "1" axis, n(¢) = n(-4), and across the 2-3
plane, n(4¢) = n{n+p). The statistical characteristics of
the axial distribution may be described by a parameter, fg,
scaled to the range -1/2 < f3 ¢ 1 . This parameter is

related to the second moment of the three-dimensional

distribution:

£4 = (1/2)[3<cos2¢> - 1] (Table I)
with
T/2
<cos2yp> = | n(é)cos2ssingds .
A value of f5 = -1/2 corresponds to a situation in which all

the fibers are confined to lie in the 2-3 plane (i.e.,

<cos246> = 0); a value of f5 = 1 denotes perfect collimation

along the "1" axis (i.e., <cos2¢> = 1). States of partial
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three-dimensional orientation are indicated by intermediate
values of £f5 . A three-dimensional random orientation is
characterized by £5 = 0 (i.e., <cos2¢> = 1/3). 1In this
event, the bulk specimen is isotropic since

<K1> = <Kp> = <K3> . Alternately, an isotropic bulk speci-

men is obtained if the RVE is isotropic so that XK¥ = k*

1 2

In this situation, the term [KI - K;] of Table I wvanishes so

that the specimen properties are independent of f; .

Sheet molding materials as well as other systems
produced by compression molding can be characterized by a
two-dimensional planar orientation in which the fibers are
confined to lie in a plane. 1In some cases, injection and/or
transfer molding procedures will give rise to stratified
layers that may be locally characterized as planar orienta-
tions. The features of this important orientation distribu-
tion are illustrated in Figure 4. For this case, the
normalized orientation distribution, n(¢), gives the
fraction of fibers, within the 1-2 plane, which makes an
angle ¢ with respect to the "1" axis of the specimen. The
distribution is taken as symmetric across the 1-3 plane,
n(¢) = n(=¢), and across the 2-3 plane, n(¢) = n(s+r) . The
statistical characteristics of the planar distribution may
be described by a parameter, fp ; scaled to the range

-1 < fp <1 . As before, fp is related to the second moment

of the two-dimensional distribution:
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Hh
i

D 2<cos2¢> - 1 (Table I)
with

n/2
/ n(s)cos2¢ds .
0

i

<cos?2p>

A value of f = 1 corresponds to fiber alignment along the
“1" axis of the specimen; a value of fp = -1 corresponds to
alignment along the "2" axis. Partial states of planar

orientation are described by intermediate values of fp

A value of f5 = 0 corresponds to a guasi-isotropic material

with <Ki> = <X2> but distinct from <K3> . 1In the event that
the RVE is isotropic such that KI = KE , the bulk specimen
exhibits isotropic character with <K1> = <K3> = <K3> .

Recently, McGee [1982] generalized the treatment of
orientation distributions to account for distributions
intermediate between three-dimensional axial and two-
dimensional planar. 1In this extension, the projection of a
fiber onto the 1-2 plane is specified by an angle ¢ with an
assocliated orientation parameter, fp « The orientation with
respect to the "3" axis is specified by an angle 8 with an

associated orientation parameter f5 . Under this revision,

the parameter £ is a measure of the extent to which fibers

are tilted out of the 1-2 plane toward the "3" axis. These
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generalized orientation descriptors are defined

schematically in Figure 5.

The three-dimensional axial and two-dimensional
planar distributions are contained as special cases. The
two-dimensional planar distribution corresponds to
f4 = -1/2 . The three-dimensional axial distribution is
obtained with fp = 0 ; however, in this revision, the prin-
ciple axis of axial alignment corresponds to the "3" axis.

A three-dimensional random orientatton is obtained with both

fa and fp equal to zero.

The properties of the bulk specimen are given in

terms of the generalized distribution by

<K > = K_ + k[fp - fa(l + fp)] (4a)
<K,> = K_ + k[ﬁp + fa(l - fp)] (4b)
= £
<Ky> K+ 2k (4c)
with
%* " *
K, = (1/3)[Kl + ~K2]
* x

where K; and KE are again the properties of the RVE as

predicted by the constitutive relationships of Table II.
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¥

"planar” "axial"
fo = 2 < cose -l fo = 5 [3<cos?6>-I]
gp == |8 (cosp>-3] G = 7 [5¢cos*8y-1]

with
w2 -

(cosMe» =S n(¢) cos™pdep

0
v

{cos"8> =5 n(8)sinfcos"8da
0

Figure 5. Schematic definition of the orientation
parameters of the generalized orientation
distribution. After McGee [19827.
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These important descriptors of fiber orientation
must be determined by independent experimental characteriza-
tions such as the laser scattering methods described by

McGee and McCullough [1982].

Constitutive Relationships

The quantities KI (i = 1,2) of Table I correspond to
the properties of a transversely isotropic Representative
Volume Element {(RVE) of the material system. The relatidn-
ship of the K* to the properties, concentration, and phase

geometry of the components are summarized in Table II.

The quantity Ky refers to the appropriate transport
property of an isotropic matrix. The Kpj refer to the
effective transport property of a transversely isotropic
chain of contacting filler elements with Kp] corresponding
to the longitudinal property and Kgpjy corresponding to the
transverse property. In the event that the filler is

isotropic, then Kpj = Kp»p

The quantities vf and vy represent the volume

fraction of filler and matrix, respectively, with

Vf+Vm=l-

The term <yj> is a structure factor which takes into

account the shape of the filler, path length distributions,
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and the underlying mechanism of transport. The role of
these various quantities is further specified in Table III.
The quantity Y, is determined by the true aspect ratio, "a",
of the filler. The functional dependence of Yo on the
aspect ratio is given for three important shapes in

Table II; viz., fibers (a > 1), spherical particles (a = 1),

and platelets (0 < a < 1) .

The results summarized in Table II can be recast
into a form similar to the Halpin-Tsai Relationship [Aston

et al, 1969]; viz.,

*
. + +X s
Kl 1 E.X .V

i1 f
w = — - (5a)
Km 1 XiVe
with
K. .. - K
Fi m
X; = 3 (5p)
* r<Fi M E1 m
and
1 - <y,»>
K.
Fi
where y,(v_) = - ~
1 f Vekn + VnRey

As the term <y;> approaches the minimum value of 0, the

reinforcing factor £; approaches » so that the constitutive




36

relationship reduces to the simple form of Equation (3a);

viz.,

K. + v_K for <y;> » 0 (3a)

Under these limiting conditions, the highly conducting
filler, (Kpj >> Kp) dominates the behavior of the composite

material.

Alternately, if the term <yi> approaches unity so
that the reinforcing factor is given by £{ = 0 , the consti-

tutive relationship takes on the form of Equation (3Db):

1 Ve Vm
I S
K. Fi m
1
or
*
— £ 4

In this limit, the behavior is dominated by the insulating

] >> .
matrix (pm pFi)

For the special case of isolated (H; = Hy = 1)
spherical particles (y = 1/3), the reinforcing factor is
- o}

given by

g1 = &2 = 2y(vf) (6)




37

The Maxwell relationship [Maxwell, 18921, the Rayleigh
equation [Rayleigh, 1892], the Kerner equation [Kerner,
1956], and the composites spheres model [Hashin, 1970], are
all equivalent and correspond to y = 1 (i.e., £ = 2) . The
factor 9i(vfg) in Equation (%) is a concentration-property
dependent correction introduced by the inclusion of higher

order correlations.

Path Distribution Statistics

The distribution functions, Hi , account for the
transport mechanism and the path length distributions in
terms of the filler shape, orientation, and concentration.
Tentative descriptions of these functions are propvosed in
Table III. These functions are dependent upon the "random
flight statistics" associated with the distribution of chain
lengths for a given collection of conducting filler
elements. The key statistical parameter is the contact
probability as determined by the shape, orientatiocn, and
concentration of the filler elements. An estimate for the
contact probability was obtained from studies of packed bped
reactors as reported in the chemical engineering literature;

e.g., Suzuki et al [19817. The merged estimates are

summarized in Table IITI.
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The parameters a and B in Table III distinguish
between surface transport (e.g., electrical conductivity)
and volume transport (e.g., thermal conductivity).
Accordingly, the proposed model can be used for the entire
class of transport properties by the appropriate distinction
between surface and volume transport as reflected by these
parameters. Tentative estimates for these parameters are

given in Table III.

It is evident that the application of the model
relationships summarized in Tables I, II, and III requires
tedious computations. An interactive computer program has
been developed to facilitate the use of these model rela-
tionships as a screening tool for ranking candidate con-
ductiﬁg composites. A user's guide to the program, with
illustrative examples, 1s given in the Appendix.

Interactive computer programs are available for predicting
the associated thermoelastic properties. The model develop-
ment for the thermoelastic properties is described elsewhere

[Jarzebski, McGee, and McCullough, 1982].

Models for Three Component Composites

As shown by McCullough and Peterson [1977],

combinations of two or more filler materials in a composite
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system introduce additional degrees of freedom for tailoring
composite materials to multiple design requirements.
Accordingly, it is useful to extend the preceding model form-
ulation to include systems comprised of two distinct filler
materials that may be differentiated by their (i) proper-
ties, (ii) shape, (iii) orientation, and/or any combination

of these features.

Unfortunately, rigorous theoretical treatments which
take into account higher order correlations between
different types of fillers are not currently available.
Consequently, approximate formulations are required for an

extension to three component material systems.

As a first order approximation, the second filler

phase will be viewed as an excluded volume. The exclusion
of a filler of type "1" from the volume occupied by the
filler phase of type "2" forces the conducting elements of
the type "1" into a smaller relative volume and hence enhan-
ces chain formation, as illustrated in Figure 2. The
apparent volume fraction of type "1" filler in the reduced
volume of an intermediate two-component system (System I) is

given by

Vel = Ve /(1 = vp,) (7a)
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where vp; is the true volume fraction of the type "1" filler
and vpy is the true volume fraction of the filler viewed as
the excluded volume. The apparent volume fraction of the

matrix in System I is taken as

(7p)

The transport properties <Ki> (i =1,2,3) of the inter-
mediate two-component system may be computed by the rela-
tionships given in Tables I - III and implemented in the
computational algorithm described in the Appendix. In this
application, the concentration is taken as the apparent

I

volume fractions, v and Voo given by Equations (7). The

I
Fl
filler properties, aspect ratio, and orientation parameters
are specified as those associated with the filler of type

lllll'

A similar excluded volume argument may be applied
for fillers of type "2" segregated by exclusion from the
volume occupied by fillers of type "1". The apparent volume
fraction of type "2" filler in the reduced volume of the

second two-component system (System II) is given by

11
Vpy = Vpp/ (1 = vgy) (8a)

with the matrix volume fraction in System II given by
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I1I II

Vm = 1 - VED (8b)

As before, the quantities vy] and vpy are the true volume

fractions of filler "1" and "2", respectively.

The transport properties, <K£I> (i =1,2,3), of
the second intermediate two-component system may be computed
by the relationships given in Tables I - III and implemented
in the computer programs described in the Appendix. The
concentrations of the filler and matrix components are taken
as the apparent volume fractions, v%% and v%l determined
from Equations (8); the filler properties, aspect ratio, and
orientation parameters are specified as those associated

with the filler of type "2".

The transport properties, <XKj> (i = 1,2,3), of the
three component system may be estimated as a combination of
the properties of System I and System II weighted by their
respective volume fraction contributions to the combined
system, viz., VI =1 - vgy and viz =1 - vp; . However,
the volume and the properties of the matrix phase were uti-
lized in both intermediate systems. Consequently, the
combined system must be corrected to account for this dual

contribution of the matrix material; viz.,

<K,> = {1 - v <K:.£> + (1 - v,
1 1

F2)
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where i = 1,2,3 for the properties along the 1, 2, and 3

axes of the specimen.

In the event that both filler types are particulate
(a = 1) and the concentrations are well above the critical
concentration for network formation, Equation (9) simplifies

to

<K> 2= v K + v + Vme (10)

F1 Kp1 F2Xpo

The transport properties computed via Equation (9)
provide conservative estimates for thermal and electrical
conductivities. The excluded volume argument ignores
contracts (and higher order correlations) between the two
types of fillers. This limitation may not be particularly
serious if the filler types differ by several orders of
magnitude in their conductivities (i.e., one filler appears
to be an insulator relative to the other). A system
comprised of glass (or graphite) fibers and metal fillers
(particulate, fiber, or platelet) should approach this

condition.




SPECIFICATION OF MODEL PARAMETERS

The implementation of the relationships summarized
in Tables I through III requires the following input

information:

o the effective properties of the filler (Xp)
and the polymer matrix (Xp);

O the volume fraction of the filler (vp) and
resin (vp);

o the state of orientation as characterized by
fp and/or £a;

o the filler geometry as characterized by the
aspect ratio (a); with a > 1 for fibers,
a = 1 for spherical (or near spherical)
particles, and a < 1 for platelets.

Methods for assessing these quantities are described in

the remainder of this section.

Effective Properties

The electrical resistivity (p = 1/K) and density of
several candidate filler and resin materials are summarized
in Table IV. These values correspond to typical handbook
listings for the various pure materials. The conductivity
of the pure polymeric material serves as the appropriate

input parameter (Kp) for the continuous binder phase.

43
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TABLE IV

Typical Properties of the Components
of Conducting Composites

Material
Aluminum
Copper
Graphite Fiber
Iron

Nickel

Silver

Steel

Bakelite (phenolic)
Nylon 6-10
Polyester

Polyphenylene Sulfide

Resistivity
(ohm-cm)

x 107°

x 107°
x 1073
x 1076
x 1076
x 1076

x 10-6

1011
1nl4

1016

Density

(gm/cm3)




As noted by Malliaris and Turner [1971], as well as
Li et al [1982], the effective conductivity of chains of

contacting filler, Ky , may be substantially reduced from

that of the pure material, K; ; viz.,

(11)

where Kg is the conductivity of the pure filler material and
and x is a reduction factor attributed to geometrical con-
tact irregularities associated with surface roughness and/or
surface coatings (e.g., oxide layers or special sizing
agents). Malliaris and Turner [1971] report a reduction
factor of yx = 1073 for contacting chains of nickei
particles; Gurland's results for contacting silver particles
are consistent with this reduction factor. Li, Streider and
Joy [1982] report a reduction factor of y = 3 x 10°° for
contacting graphite fibers. These results imply that the
reduction factor, x , may be taken as essentially constant
and on the order of 1 - 3 x 10-3 « The conductivity reduc-

tion factor corresponds to an enhancement of the effective

resistivity by a factor of 3 - 10 x 102 ,

Concentration of Components

As a consegquence of volume averaging, volume

fractions emerge as the natural descriptors of concentration.




However, weight fraction concentrations are commonly employed
to specify the composition of composite materials. These
measures of concentration are related through the densities

of the components; viz.,

‘gf
Ve T We + (1 - wf)r (12a)

where wg is the weight fraction of filler and "r" is the

ratio of the density of filler to the density of resin;

r = de/dpy (12b)

The term vf is the volume fraction of filler with

i

The relationship of volume fraction to weight
fraction of filler for several important material systems is

displayed in Figure 6.

Metal coated fibers are of particular interest as
candidate fillers for conducting composites. The density of
metal coated fibers is dependent upon the thickness of the
metal layer. Accordingly, the relationship between volume
fraction and weight fraction is dependent upvon the relative

thickness of the coating on the fiber; viz.,

W
£
3 - - -
A (1 wf) Edb + (dc db)x(z A) ]

d
m

Fh
g

(13a)
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Relationship of volume fraction filler concentra-
tion, vf , to weight fraction, wf , for several
material systems: polyphenylene sulfide/graphite
(r = 1.32); Nylon 6-10/graphite (r = 1.64); poly-
phenylene sulfide/steel (r = 5.81); Nylon 6-10/
steel (r = 7.20).
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where dp is the density of the polymer matrix, dyp is the
density of the base fiber, and do is the density of the
metal coating. The parameter "A" is the ratio of the
thickness of the coating , ts , to the total radius, R , of

the coated fiber:

A= to/R (13p)

The relationship of volume fraction to weight fraction for
graphite fibers coated with various thicknesses of nickel
are displayed in Figure 7 for a Nvlon 6-10 matrix and in

Figure 8 for a polyphenylene sulfide matrix.

State of Orientation

Information concerning the orientation distribution
of fibers can be obtained from photomicrographs of certain
sections of the test specimen. Sections taken from a side
surface and an end surface are required to characterize the

out-of~-plane tilting of fibers as measured by f, Sections

taken from a top surface and a mid-plane surface are
required to characterize the uniformity of the in-plane
orientation measured Dby fp . These sections are

schematically defined in Figure 9.

Typical photomicrographs of these four sections are

N

Ders

shown in Figure 10 for a test specimen of graphite £i




Figure 7.
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Relationship of volume fraction filler concentra-~
tion, v¢ , to weight fraction, w¢ , for graphite
fibers coated with various thicknesses of nickel
in a Nylon 6-10 matrix. The parameter A denotes
the ratio of the thickness of metal to the total

radius of the fiber.
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Relationship of volume fraction filler concentra-

tion, v¢ , to weight fraction, ws , for graphite
fibers coated with various thicknesses of nickel
in a polyphenylene sulfide matrix. The parameter

A denotes the ratio of the thickness of metal to
the total radius of the fiber.
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Surface

Figure 9. Schematic diagram illustrating various locations
from which specimen sections were sampled.
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(20% by weight) in a polyphenylene sulfide matrix. Photo-
micrographs of four sections taken from a test specimen of
nickel coated graphite fibers (30% by weight) in Nylon 6-10

are displayed in Figure 1l1.

From these direct observations, the number of
fibers, N(y) which are oriented between ¢y -~ Ay and
p + AY(y = ¢ or 8) with respect to the appropriate specimen
axis could be counted and a histogram of the orientation
distribution constructed. The associated orientation
parameters, f5 or fp ,
numerical integrations prescribed in Table I.

could then be obtained by the

Recently, McGee and McCullough [1982] have shown
that photographic negatives of sample sections can be used
as diffraction masks in a Fraunhoffer diffractometer to
obtain diffraction patterns characteristic of the state of
orientation. The components of a Fraunhoffer diffractometer
are shown in Figure 12. Diffraction patterns obtained from
the photomicrographs shown in Figure 10 are displaved in
Figure 13; diffraction patterns from the photomicrographs

given in Figure 11 are shown in Figure 14.

McGee and McCullough [1982] have shown that the
relative intensity of the diffraction pattern is propor-

tional to the orientation distribution shifted by w/2; viz.,
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I(r,y) = I(r)n(y + 1/2) (14)

where r and ¢ are the polar coordinates of the diffraction
pattern as measured from the central spot as the origin.
Accordingly, an intensity trace over a circle of radius "r"
on the diffraction pattern yields the orientation distribu-
tion function. Optical densitometer traces of the diffrac-
tion patterns shown in Figures 13 and 14 are displayed in
Figures 15 and 16. Procedures for extracting orientation
parameters from these intensity profiles are given elsewhere
[McGee, 1982]. Application of these procedures shows that
both the graphite fiber/polyphenylene sulfide and the nickel
coated graphite/Nylon 6-10 specimens are in a planar state
of orientation (£f4 = - 1/2). The graphite fiber/polypheny-
lene sulfide specimen shown in Figure 10 exhibits a high
degree of planar orientation with fp = 0.7 . In contrast,
the nickel coated graphite fiber/Nylon 6-10 specimen shown
in Figure 11 exhibits a nearly in-plane random orientation
with fp = 0.2-0.3. It will be shown in the subsequent
section that these different states of orientation are

reflected in the observed resistivities of the specimens.

Fiber Aspect Ratio

Estimates of the average aspect ratio can Dbe
obtained from photomicrographs such as those displayed in

Figures 10 and 11. Direct measurements of the ratio of
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fiber lengths to fiber widths yield aspect ratios on the
order of 20-30 for the graphite fiber/polyphenylene sulfide
specimen (Figure 10) and aspect ratios on the order of 30-50
for the nickel coated graphite fiber/Nylon 6-10 specimen

(Figure 11).

Alternately, information concerning the aspect ratio
can be obtained from diffraction patterns such as those
shown in Figures 13 and 14. Recently, McGee [1982] has
reported an analysis of the radial intensity profiles of
diffraction patterns that vields the average aspect ratio of
the fibers. It is anticipated that future developments in
the analyses of such diffraction patterns will yield quanti-
tative information concerning aspect ratio distributicns

and/or particle size distributions.




COMPARISONS OF PREDICTIONS WITH EXPERIMENTAL DATA

The resort to a modeling approach requires that the
suitability of the simplifying abstractions be tested by
comparisons between predicted and measured properties. The
relationships summarized in Tables I through III point out
the necessity for conducting independent experimental
characterizations to determine the crucial descriptors of
the microstructure: the orientation parameters, £, and/or
fa , and the aspect ratio. Unfortunately, such structural
information is available for only a limited number of
systems reported in the literature. Particulate filled
systems provide the simplest system for a test of the model
relationships. For these isotropic materials, the bulk
properties are independent of orientation and the aspect
ratio may be taken as unity. Comparison of measured and
predicted properties of short~fiber reinforced systems
requires estimates of the state of orientation and the

aspect ratio.

Particulate Systems

Gurland [1966] reported electrical resistivities of

silver particles in a phenolic resin for particulate

62
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concentrations ranging from 10 to 50% (by volume). The
silver particles were essentially of the same size. A com-
parison of the model predictions with Gurland's measurements

is shown in Figure 17.

The model predictions are in good agreement with the
resistivity-concentration profiles observed by Gurland. 1In
particular, the sharp transition in resistivity is
accurately predicted. A comparison of the data reported by
Kwan et al [1980] for silver coated glass spheres in
polyester showed good correspondence with predicted values.
Improved agreement could be achieved by slight modifications
of the values for the transport mechanism parameters (e.q.,

a = 0.35, B = 0.25).

Resistivity data reported by Aharconi [1977] for iron
particles in a pelyimide-amide matrix could not be recon-
ciled with the model predictions. Aharoni's results indi-
cated a transition from insulating to conducting behavior
for volume fractions in the vicinity of vVe= 0.1, Micodemo
et al [1978] attribute this anomalously low transition con-
centration to nonuniformity in the size distribution of the

iron particles. These workers propose that a broad distri-

bution of particle size enhances particle-narticle contacts.

Such enhanced contact probabilities would decrease the con-
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centration of particles required for chain and network

formation.

Short-Fiber Systems

The influence of fiber aspect ratio on the
resistivity-concentration profile is illustrated in
Figure 18 for fibers in a three-dimensional random orien-
tation. The profiles are based on silver fibers in a poly-
propylene matrix. This result predicts that the critical
volume fraction with increasing aspect ratio is a

consequence of enhanced contact between loncer fibers in a

random state of orientation.

The decrease in the critical concentration with
increasing aspect ratio illustrated in Figure 18 is in good
agreement with observations reported by Bradhury and Biggs
[1980]. These workers reported limited resistivity-
concentration profiles for aluminum fibers {aspect ratio
12.5 and 24) in a polypropylene matrix. The state of orien-
tation of the fibers was not specified. If the state of
fiver orientation is assumed to be three-dimensional random,
good agreement is achieved between the predicted and

observed conductivities.

Unpublished resistivity measurements for several

short-fiber systems was provided by Trabacco [1982]. The
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molded test specimens were treated by three different
methods to achieve contact between the specimens and elec-
trodes: (i) the specimens were painted with a conducting
paint, (ii) the specimens were plated with a conducting

metal, and (iii) the specimens were plated and dessicated.

Selected specimens were sectioned and subjected to
the orientation analyses described in the previous section.
These analyses revealed that the state of fiber orientation
varied from specimen to specimen. This variation was
attributed to processing induced variations in the micro-
structure. The structural variations, in turn, lead to
significant data scatter between specimens. These findings
implied that detailed structural analyses should be con-
ducted on each specimen in order to assess the inherent
conductivity of the candidate material system. In order to
circumvent the necessity for such a detailed characteriza-
tion program, an alternate data analysis was pursued that

permitted the utilization of the existing data.

Inspection of the photomicrographs of Figures 10 and
11 shows that the fiber aspect ratios of these samples are
on the order of 20 (or more). The predictions displayed in
Figure 18 suggest that short-fiber systems with this aspect

ratio are within the conducting plateau for volume fraction
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concentrations in excess of 0.1. In this regime, the
behavior is dominated by the conducting filler (Kgp >> Kp) so
that the specimen conductivity can be reasonably approxi-

mated by a simplified form of Equations (4);

<K, > = KF(l + fp) (1 - fa) (15a)
<K,> = KF(l - fp) (1 - fa) (15b)
<K3> = KF(l + 2fa) (15¢)
with
R, = (1/3)v K, (154)

where Kp is the effective conductivity of chains of
contacting filler and is related to the conductivity of the
pure filler through Equation (11). This formulation takes
into account the possibility for out-of-plane tilting of the
fivers. The positive deviations of the parameter, f; , from
-0.5 serve as a measure of out-of-plane fiber tilt and, con-
sequently, a measure of the deviation from a state of planar

orientation.

These simplified relationships provide three
equations with three unknown parameters -- Ky , fp » and
f4 . These parameters can be computed from the measured

resistivities by the following relationships:
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K, = [<Kl> K>+ <K3>]/vf (16a)

rh
i

[<Kl> - <K2>]/[<Kl> + <K2>] (16b)

2<K_> - [<K.> + <K2>]

3 1
£ = (16¢)
a 2[<Kl> + <K2> + <K3>]
with <Ki> = l/<pi> where <py>, <0,>, and <py> are the

measured resistivities in the longitudinal, width, and

thickness directions, respectively.

The parameters computed from the data reductions
of Equations (16) provide a means for isolating the inherent
characteristics of each test specimen. These inherent
characteristics provide a rational hasis for identifying the
origins of data scatter between various specimens. This
analysis was applied to three candidate material systems:
polyphenylene sulfide/graphite fibher; Nylon 6-10/nickel

coated graphite fiber; and Nylon 6-10/steel fiber.

Polyphenylene sulfide/graphite fibher:

Resistivity data for polyphenylene sulfide filled
with graphite fibers [Trabacco, 1982] are summarized in
Table V and displayed in Figure 19. The display of the data
in Figure 19 shows that the scatter between measurements

made on similarly treated samples is essentially equivalent
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Resistivity data for polyphenylene sulfide/
graphite fiber composites [Trabacco, 1982].
Longitudinal resistivities are given by O

-
’

transverse (width) resistivities are indicated
by FT ; perpendicular (thickness) resistivities
are given by A . Open symbols denote specimens
plated and dessicated; closed symbols denote
plated specimens; painted specimens are identi-
fied by the partial closure of the symbols.
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to the variation of the measurements taken on specimens sub-
jected to the different treatments ~-- (i) painted, (ii)
plated, and (iii) plated and dessicated. Accordingly, the
data from the various treatments may be pooled. The data
display further shows the expected trend for the longitudi-
nal, <p1>, and width, <p2>, resistivities to decrease with

increasing concentation of the conducting graphite filler.

The inherent parameters computed by Equations (16)
are summarized in Table VI. This data reduction shows that
all specimens were essentially in a planar state of orien-
tation since all f5 values were very near -0.5. This result
is consistent with the direct orientation measurements shown
in Figures 10, 13, and 15. Most of the specimens of the 20%
(by weight) material tend to achieve a higher state of
in-plane orientation (fp = 0.6-0.8) than the specimens of .
the 30% (by weight) material. Again, these results are con-
sistent with the direct orientation measurements illustrated
in Figures 10, 13 and 15 for a specimen of the 20% (by
weight) material. Most of the specimens of the 30% (by
weight) material tend toward an in-plane random state of
orientation (fp = 0.2-0.4) so that the longitudinal and
width resistivities are essentially equivalent. (The nega-
tive sign on some of the fp values implies an interchange or
mislabeling of the "1" and "2" indices used to identify the

length and width directions.)
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The effective chain resistivity, pep, is relatively

constant with an average value of 0.47 ohm-cm. This value
of the effective resistivity is in good agreement with the
resistivity enhancement factor (1/x = 3 x 102), reported by
Li et al [1982], applied to the resistivity of pure graphite

1.5 x 10”3 ohm-cm).

. o
fibers (pF

This analysis indicates that the data scatter
shown in Figure 19 is a consequence of processing induced
variations in the state of fiber orientation rather than

measuring errors.

Nylon 6-10/nickel coated graphite fiber:

Resistivity data for Nylon 6-10 filled with nickel
coated graphite fibers are summarized in Table VII
[ Trabacco, 1982] and displayed in Figure 20. Examinations
of photomicrographs show that the thickness of the nickel
coating corresponds to 10 to 20% of the fiber radius (i.e.,
X = 0.10-0.20); accordingly, the volume fraction of filler
may be obtained from Equations (13) or Figure 7.. The data
displayed in Figure 20 shows the remarkable trend for the
resistivity to increase as the concentration of the

conducting filler is increased.

Data reductions obtained from the application of

Equations (16) are summarized in Table VIII. This analysis
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Resistivity data for Nylon 6-10/nickel coated
graphite fiber composites [Trabacco, 1982].
Longitudinal resistivities are given by O ;
transverse (width) resistivities are indicated
by [:l; perpendicular (thickness) resistivities
are given by A . Open symbols denote specimens
plated and dessicated; closed symbols denote
plated specimens; painted specimens are identi-
fied by the partial closure of the symbols.
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again shows that all the specimens of the Nylon 6-10/nickel
coated graphite fiber materials were in a planar state of
orientation since f; = -0.5. This result is consistent with
the direct orientation measurements shown in Figures 11, 14
and 16. 1In contrast to the polyphenylene/graphite fiber
material, the lower concentrations (30% by weight, 10% by
volume) of the Nylon 6-10/nickel coated graphite fiber
materials tended toward a random in-plane orientation

(fp % 0.3) while the higher concentration specimens (40% by
weight; 15% by volume) exhibited a higher degree of in-plane
alignment (fp = 0.7-0.8). Again, these results are consis-
tent with the direct orientation measurements shown in

Figures 11, 14, and 16 for a 30% (by weight) specimen.

The effective resistivity of the 30% (by weight)
material was essentially constant at 5 x 10-4 ohm-cm. Con-
sistent with the trénds of Figure 20, the average effective
resistivity of the 40% (by weight) material increased to
25 x 10-4 . This five-fold increase in effective resis-
tivity is due to degradation of the metal coating. A typi-
cal photomicrograph of a 40% (by weight) specimen is shown
in Figure 21 [Shaffer, 1982]. The fibers were exposed by
disolving the Nylon matrix with phenol. This photomicro-
graph shows that the metal coatings have undergone dedrada-

tion. Evidently, sufficient fiber-fiber abrasion occurs at




Figure 21.
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2000x

Scanning electron micrograph of a 40% (by
weight) specimen of nickel coated graphite
fibers from a Nylon 6-10 matrix at 2000x
[Shaffer, 1982]. The Nylon 6-10 matrix was
removed with phenol.
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these higher volume fraction loadings to damage the fragile

metal coatings.

This observation of fiber damage at the higher
concentrations coupled with the fact that a 10% increase in
weight fraction yields only a 5% increase in volume fraction
(see Table VII) strongly suggests that conducting composites
comprised of metal coated fibers should be restricted to

relatively low concentrations of the coated fibers.

Nylon 6-10/steel fiber:

Resistivity data for Nylon 6-10 filled with
stainless steel fibers [Trabacco, 1982] is summarized in
Table IX. These specimens correspond to a volume fraction
fiber of 0.01. The data reductions obtained through the
application of Equations (16) are also summarized in
Table IX. As was the case for the prece@ing specimens, the
Nylon 6-10/steel fiber material was in a state of planar
orientation with £5 = -0.49. This material exhibited a ten-
dency to achieve a moderate state of in-plane orientation
with fp = 0.4-0.6. The effective resistivity was
0.8 x 10-3. This value is consistent with the standard
reduction factor (1/x = 10-3) applied to the resistivity of

steel listed in Table IV.

These results suggest that the long sturdy steel

filaments withstood processing degradations to yield
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respectable conductivity (<p1> = 0.3) at very low volume

fractions (vp = 0.01).

Summary

These comparisons of the model predictions with
experimental observations on particulate and short-fiber
systems shown that the model formulation provides a rational
basis for explaining the behavior of conducting composites.
The agreement between predicted and measured values lends
support to the use of the model relations as a screening
tool for selecting candidate materials. Furthermore, the
consistency of the computed orientation parameters with
direct orientation measurements lends confidence to the use
of the modeling relationships to explore the influence of
processing induced changes in the state of orientation and

aspect ratio on achievable conductivities.

The analyses of the various short-fiber systems
emphasizes the important role that processing induced
variations in the microstructure play in establishing bulk
conductivity. The dependence of bulk conductivity on pro-
cessing induced variants of the microstructure points out
the futility of attempting to compare properties of

specimens of unknown microstructure and underscores the
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importance of conducting structural characterizations in

conjunction with traditional testing programs.




CONCLUSION

The incorporation of the concept of chain and
network formation of contacting conductors into a model for
electrical transport provides a rational basis for
explaining sharp transitions from insulating to conducting
behavior in composite materials. An important feature of
the resulting model is the indentification of quantitative
structural parameters associated with the state of orienta-
tion (fp and/or f,) and filler shape as specified by the
aspect ratio (particulate: a = 1; platelet: a < 1;
fiber: a > 1). The incorporation of these important struc-
tural features necessarily introduced computational complex-
itites into the model relationship. An interactive computer
program is described in the appendix to facilitate the use
of the model relationships as a screening tool for the

selection of candidate material systems.

For the important special case of relatively long
(a > 20) highly conducting (Kp >> K,) fibers at volume frac-
tion concentrations greater than vg = .1, the bulk conduc-
tivity can be approximated by the following simplified form

of Equations (4):
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Longitudinal: <X > = (l/3)vf XKg(l + £ ) (1 - fa)

1 p
. o
Width: <K,> = (1/3)vf XKl - fL) (1 - £)
4 . - N -0 £
Thickness: <Kj3> (l/3)vf ARF(l + 2La)

o o . .
where KF is the conductivity of the fiber component. The
volume fraction concentration, vf , can be obtained from
specified weight fractions, wg¢ , by Equation (12) or by the

~

calibration curves displayed in Figure 6. The orientation

parameters, fa and fp , describe the state of orientation of

the fibers. Values of fa in the vicinity of -1/2 indicate
that the fibers are in a planar state of orientation with
the fibers confined to the 1-2 plane. The parameter, fp
specifies the extent of orientation within the 1-2 plane.
Values of fp in the vicinity of 1 indicate fiber alignment
along the longitudinal ("1") axis; values of fp near 0 indi-
cate a planar random material. Three-dimensional random
fiber distributions are obtained with fa = fp = 0. The
reduction factor, x , accounts for contact irregularities
associated with surface roughness and/or surface coatings
and appears to e a constant on the order of 1 - 3 x 10"3 .

The bulk resistivity is obtained as the reciprocal of the

conductivity; viz., <pj> = 1/<Ki> for i = 1,2,3.

The satisfactory correlations obtained between

pradicted and measured resistivities lends confidence to the
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application of the model relationships as a screening tool
for identifying candidate material systems. The rationali-
zation of data scatter in terms of variations in the state
of filler orientation emphasizes the role of microstructure
in establishing transport properties. The dependence of the
bulk conductivity on microstructural variations induced by
fabrication procedures points out the futility of attempting
to compare properties of unknown microstructure. This
important conclusion underscores the necessity of conducting
structural characterizations in conjunction with traditional
testing procedures for mechanical and transport properties.
The diffraction techniques developed by McGee and McCullough
[1982] can be used to obtain the required structural

characterizations.




RECOMMENDATIONS

The current model appears to have captured the
major features associated with electrical transport in com-
posite materials. Consequently, the model can serve as a
preliminary screening tool for candidate materials systems.
The relative succcess of these initial attempts to incor-
porate structural parameters into relationships to predict
transport properties suggests the need for more rigorous
treatments to extend the model for application to design
considerations. Particular attention should be given to
developing improved relationships to account for the
influence of processing induced variations in microstructure

on the transport properties of composite materials.

The contact probability relationships used for
uniform spherical filler geometries adequately predict the
critical concentrations associated with the insulatér-
conductor transitions. These relationships should be
extended to account for the influence of particle size
distributions on the critical concentrations. Literature
data suggests that the critical concentrations required to
achieve conducting behavior can be significantly reduced

with the use of broad distributions of particle size.

87
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Although the approximations used to estimate the
concentration dependence of the contact probabilities for
fivers and platelets appear to capture the significant
trends, the treatment is an oversimplification. Additional
work is required to establish precise relationships for
this important structural feature of fiber and platelet
filler geometries. Particular attention should be devoted
to incorporating orientation effects into the expressions

for contact probabilities.

The empirical reduction factor, x , used to
estimate the effective network conductance in terms of the
filler conductivity represents a significant reduction in
achievable conductivities. A study leading to the specifi-
cation of the factors associated with this reduction could
provide insicht into surface and/or geometric conditions

which could promote higher levels of conductance.

Added confidence in the model predictions could be
achieved through comparisons of predictions with an extended
data base. In particular, resistivity data for platelet
filled and nultiple component systems (e.g., two or more
types of filler) were not available for test comparisons
with model predictions. Consequently, the predictions

obtained on such systems must be viewed with some
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reservation. It is imperative that structural characteriza-
tions be conducted in concert with electrical and mechanical
testing programs aimed at establishing an extended data
base. The diffraction technique developed by McGee and
McCullough [1982] provides a method for the characterization
of the state of orientation and the in situ aspect ratio of
the filler. In addition, this structural characterization
technique can be utilized to correlate processing conditions
to the level of conduction through the quantitative deter-
mination of these processing sensitive structural parameters.
It is reasonable to anticipate that the relationship of pro-
cessing conditions to material behavior can be established
by linking these structure dependent models with analyses
designed to trace the development of microstructure with

variations in processing conditions.
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The following user's guide is written to illustrate
the operational aspects of the computer program which con-
tains the theoretical models for the prediction of the elec-
trical properties of composite materials. The program is
written in ANSI standard FORTRAN-4 with the ability to
accept data as free field input. This option allows input
to the program to occur anywhere on the input field without
reference to column position. A computer graphics capabil-
ity is implemented in the program for the convenient display
of material properties. The graphics FORTRAN call state-
ments are standard CALCOMP® statements and may be imple-
mented for interactive graphics terminals or remote graphics

output devices.

Two example executions of the computer program are
presented. To indicate the expected input and the
programmed flexihilities inherent in the code, detailed
descriptions written in italics follow each interaction of

the first example. The user input is indicated with an

" "

arrow, > .

For the first example, we assume a two phase system
and calculate the electrical properties for a range of fiber

volume fractions. The program execution is given as

follows.
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»+run navy/maincd
#RUNNING 1781

The above expression is the expected command for a Burroughs
B7700 mainframe. - Please respond with an appropriate command
for each individual system.

CENTER FOR COMPOSITE MATERIALS
COMPUTER SOFTWARE SYSTEMS

MICROMECHANICAL MODEL FOR CALCULATING:
COMPOSITE MATERIAL ELECTRICAL AND THERMAL
RESISTIVITIES AND CONDUCTIVITIES

VERSION: 051182

The program responds with the ahove heading, which indicates
the type of transport properties it will calculate and its
version number. The version number indicates that this copy of
the program was compiled on May 11, 1982.

ENTER> CALCULATION OPTION
(1) CALCULATE ELECTRICAL PROPERTIES
(2) CALCULATE THERMAL PROPERTIES
+1

The program includes the abilities to calculate material proper-
ties for electrical and thermal transport phenomenon. The user
selects from the menu and respords. If a number that is not
contained in the menu 1is entered, the above menu list 18
redisplayed. This is the case for all menu input for this
program. The actual transport phenomenon modeled adjusts the
calibration constants o and B

ENTER> INPUT OPTION
(1) INPUT RESISTIVITY DATA
(2) INPUT CONDUCTIVITY DATA
+1

For either case of electrical or thermal transport properties,
the program will allow input of either resistivity or conduc-
tivity comstants.

»-NO DO YOU WISH TO INCLUDE A FILLER PHASE?

The user responds with either "NO" (or carriage return) or "YES"
(or "Y"). When a filler phase is requested, the program con-
structs a surrogate matrix of resin and filler. At present, the
aspect ratio of the filler phase is assumed to be unity.
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TWO PHASE SYSTEM ASSUMED: RESIN/FILLER

ENTER> RESIN RESISTIVITY
+4 .5E16

ENTER> FIBER RESISTIVITIES
(LONGITUDINAL, TRANSVERSE)
+1.5E-3,1.5E-3

1stivities
. direction
the trans-
he fiber

2 isotropic Taszﬂ res
tes. The LOﬂJ L tuding
on of the fiber, and

re 7

Thz user is pﬂomvucd to en
and orthotropic fiber resi
corresponds to the axial
verse correspovds to any dir

arcis.

erpendicular to

ENTER> FIBER VOLUME FRACTIONS TO SCAN
START VALUE, END VALUE, INCREMENT
-0.0,1.0,0.1

Only for the case of two phase composites will this be displayed.
This allows the user to observe the variance of material proper-
ties as the amount of fiber loading is varied. For the case of a
three phase composite, this report 1s ot giuen. The user may
select one set of values for resin, Filler and Fiber volume
fraction.

ENTER> ASPECT RATIO OF FIBERS
+20.

The aspect ratio is defined as the length to dtameupr ratio of
the fiber. For aspect ratios approaching 106 the Ffiber system
regembles continuous fiber composites. Aspect ratio equal to

one indicates sphewas. The sibnificanco of aspect ratios less
than one controls the program to model p vlatelets. The Dr*mary

ot

divection of a fiber with aspect ratio greater than one will be
the "1"-axis direction. For a pZ Ze* phase case, the perpen-
dicular normal to the platelet surface will corvespond with the
"1" qxis direction

ENTER> TYPEZ OF AVERAGING
(1) IN-PLANE: TWO~-DIMENSIONAL
(2) AXIAL SYMMETRIC: THREE-DIMENSIONAL

The fibers for the in-plane av
3

raging will remain in the "1-2"
plane of the micro-laminate o

Ve
i8tam

- Le
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ENTER> HERMANS ORIENTATION PARAMETER
+~.4

For the planar type of averaging, the variance of the degree of
alignment is controlled by the Herman's orientation parameter
with a range of zero to one. The case of "perfectly random" is
represented by zero and "perfectly aligned" is represented by
one. Most engineering materials will have a value between these
tdeal numbers.

DEFAULT ELECTRICAL CALIBRATION PARAMETERS
<DATA CHECK>
CALIBRATION PARAMETERS
ALPHA = 0.4100
BETA = 0.2900
+NO DO YOU WISH TO CHANGE THESE VALUES?
These calibration parameters whould not need to be changed. If
1t 18 necessary, the program will prompt the user by responding
with "YES" (or "Y").
+YES DO YOU WISH A TABLE OF DATA?
+NO DO YOU WISH A COMPUTER PLOT?

These questions allow the user to control the flow of output.

ELECTRICAL
RESISTIVITIES OF COMPOSITE MATERIAL : PLANAR CASE
VF F K11 K22 K33

0.1000 0.4000 3.2451E+15 6.7675E+15 3.6401E+16
0.2000 0.4000 1.0714E-02 2.5000E-02 2.8800E+16
0.3000 0.4000 7.1429E-03 1.6667E-02 2.2050E+16
0.4000 0.4000 5.3571E-03 1.2500E-02 1.6200E+16
0.5000 0.4000 4.2857E-03 1.0000E-02 1.1250E+16
0.6000 0.4000 3.5714E-03 8.3333E-02 7.2000E+15
0.7000 0.4000 3.0612E-03 7.1429E-03 4.0500E+15
0.3000 0.4000 2.6786E-03 6.2500E-03 1.8000E+15
0.9000 0.4000 2.3810E-03 5.5556E-03 4.5000E+14
1.0000 0.4000 1.5000E-03 1.5001E-03 1.5001E-03

The electrical resistivities of the composite material are
presented in tabular form. The "VF" column signifies the fiber
volume fraction of the fiber phase. The "F" is the Herman's
orientation parameter which indicates the degress of randommess
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in the composite. The "K;7", "Koo" and ""' " quantities
represent the zlectrical peszst@vzzzes for the ZOﬂgutdﬂuﬂaJ,
transverse and perpendicular directions, respectively.

ENTER> REPEAT OPTION
(1) REPEAT SAME PLOT
(2) ENTER NEW MATERIAL GEOMETRY
(3) START OVER
(4) END PROGRAM

The user may direct the flow of tne program for additional
calculations or to end the program erecution.

The second example illustrates the calculation of
electrical resistivity for an axially symmetric composite.
The constitutive properties are assumed to be identical to

the properties in the first example. The program execution

is given as follows.

»run navy/maincd
#RUNNING 1809

CENTER FOR COMPOSITE MATERIALS
COMPUTER SOFTWARE SYSTEMS

MICROMECHANICAL MODEL FOR CALCULATING:
COMPOSITE MATERIAL ELECTRICAL AND THERMAL
RESISTIVITIES AND CONDUCTIVITIES

VERSION: 051182

ENTER> CALCULATION OPTION
(1) CALCULATE ELECTRICAL PROPERTIES
(2) CALCULATE THERMAL PROPERTIES
-1

ENTER> INPUT OPTION
(1) INPUT RESISTIVITY DATA
(2) INPUT CONDUCTIVITY DATA

-1
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+NO DO YOU WISH TO INCLUDE A FILLER PHASE?
TWO PHASE SYSTEM ASSUMED: RESIN/FILLER

ENTER> RESIN RESISTIVITY
+4.5E16

ENTER> FIBER RESISTIVITIES
(LONGITUDINAL, TRANSVERSE)
+1.5E-3,1.5E-3

ENTER> FIBER VOLUME FRACTIONS TO SCAN
START VALUE, END VALUE, INCREMENT
+0.0,1.0,0.1

ENTER> ASPECT RATIO OF FIBERS
+20.

ENTER> TYPE OF AVERAGING
(1) IN-PLANE; TWO-~DIMENSIONAL
(2) AXIAL SYMMETRIC; THREE-DIMENSIONAL
+2

The user has selected the type of averaging for an axially
symmetric composite. The following calculations indicate this
type of approximation.

ENTER> HERMANS ORIENTATION PARAMETER
+0.4

The interpretation of the Herman's orientation parameter 1is
different for the axially symmetric case than for the planar
case. The Herman's orientation parameter may vary from -0.56 to
1.0. The value of 1.0 indicates a perfectly aligned composite.
4 three-dimensional random composite is modeled with a 0.0 value
and a transversely isotropic composite with a -0.6 value.

DEFAULT ELECTRICAL CALIBRATION PARAMETERS
<DATA CHECK>
CALIBRATION PARAMETERS
ALPHA = 0.4100
BETA = 0.2900
+NO DO YOU WISH TO CHANGE THESE VALUES?
+YES DO YOU WISH A TABLE OF DATA?

~NO DO YOU WISH A COMPUTER PLOT?
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ELECTRICAL
RESISTIVITIES OF COMPOSITE MATERIAL AXTAL CASE
VF F K11 K22 K33

0.1000 0.4000 3.7305E+15 9.2879E+15 9.2879E+15
0.2000 0.4000 1.2500E-02 3.7500E-02 3.7500E-02
0.3000 0.4000 8.3333E-03 2.5000E-02 2.5000E-02
0.4000 0.4000 6.2500E-03 1.8750E-02 1.8750E-02
0.5000 0.4000 5.0000E-03 1.5000E~-02 1.5000E-02
0.6000 0.4000 4.1667E-03 1.2500E-02 1.2500E-02
0.7000 0.4000 3.57148-03 1.0714E-02 1.0714E-02
0.8000 0.4000 3.1250E-03 9.3750E-03 9.3750E-03
0.9000 0.4000 2.7778E-03 8.3333E-03 8.3333E-03
1.0000 0.4000 1.5001E-03 1.5001E~-03 1.5001E-03

The tabular data presented represents an axially symmetric

composite.

are equivalent for this material gzometry.

ENTER> REPEAT OPTION

(1) REPEAT SAME PLOT
(2) ENTER NEW MATERIAL GEOMETRY
(3

)
) START OVER
)

(4) END PROGRAM

Note that the Kgg and Kzz electrical resistivities

The user may direct the flow of the program for additional
calculations or to end the program execution.
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2)

3)

4)

5)

5)

7)

Graphite Fibers

Graphite Fibers
Resin . . . . .

Graphite Fibers

Graphite Fibers

CONTENTS

and PPS Resin « « « v o o o

- Round Copper Particles and PPS

. . . . . » . » . . » . . .

Copper Flakes and PPS Resin

Copper Fibers and PPS Resin

Nickel Coated Graphite Fibers and PPS Resin .

Copper Fibers and PPS Resin .« . . . « « . . .

Copper Flakes and PPS Resin . . . . . . . . .
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115

121

127

131

141




1) Graphite Fibers and PPS Resin

Fiber Resin
Resistivity (ohm-cm) 1.5x1073 4.5xlO16
Volume Fraction 0.20 0.80
Aspect Ratio 50
Orientation Parameter,
fp . (planar) 0.5

Electrical Resistivities

Ky = 1.00x10"2
Ko = 3.00x10 2
K3 = 2.88x10%°

The sample execution follows in Table 1. Another
execution is given in Table 2 for a scan over volume
fractions of the fiber. Sample computer plots are given
in Figures 1, 2, and 3 for K; , K , and K3 ,

respectively.

Note: The reduction factor, x , has been taken as unity.
The influence of geometrical irregularities under
surface coatings may be taken into account by
replacing the fiber resistivity by 0.45 ohm-cm
[= (1.5%x10-3) x (3x102)].
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Table 1 (continued)

00 YoU WISH TO CHANGE THFESBE VALUEET
;! 5

D0 YOU WISH A TAELE OF DATAT
oo oYoU WISH A COMPUTER FLOT?
7

ELECTRICAL :
RESITIVITIES OF COMPOSITE HMHATERIAL 3 FPLAMAR CASE

U F K11l ka2 K33
0,2000 0.3000 1,6000E-02  3.0000E-02 2.8B00E+LS

EMTER> REFEAT OPTION
{1 REPEAT SaAME FLOT
{(2) ENTER HNEW Ma&TERIAL GEDOMETRY
{(3) START OVER
£4) END FROGRAM

<
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Table 2

ENTER>

2
2 J

(continued)

HERHANS URIEHT&TIGN FaRAMETER
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nonoy
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Table 2 (continued)

READY FOR PLOTT
Y

ENTER> VERTICLE AXIS MOLE
(1) FPLOT LINEAR SCALE FOR LOGLO(NiIi)
(2 PLOT LOG CYCLE SCALE FOR LOGIO(Kii)

ENTER® GRAFHICS QUTRUT DEVICE
‘ (13 TERMINAL
(23 FLATRED FLOTTER

ENTER> REFEAT OFTION
(1) REFEAT SaME PLOT
{2 ENTER NFW HMATERIAL GEQHETRY
(A START QOVER '
{4y EHD PROGRAM

ENTERX FIBER VOLUME FRACTIONS T0 SCaN
START VALUEs END VALUE, THMCRFHENT
0,0 1.0 0,02 .

ENTER> ASPECT RATIO OF FIRERS
HOURY :

ENTER: TYFE DF AVERABGING

(1) IN-PLANEF TWD-DIMENSTONAL
(23 AXIAL SYMMETRICF THRFE-DIMENSIOHA&L.

ENTER> HERMANS ORIENTATIONM FARAMETER

305

GEFLAULT ELECTRICAL Ca&lLTRRATION FPARAMETERS
“NATA CHECR:

CALIBRATION PARAMETERS

AlLFHa = 00,4100
BETA = 042900

0O YOU WISH TO CHANGE THESE VALUES?

DO YOU WISH A TARLE OF DATAT




Table 2 (continued) 110
GO YOU WISH & COMPUTER PLOTT

EMTER> GR&FPHIC DUTPUT 0ATA
‘ GELECT COORDINATE DIRECTION

)"1‘1 ‘.1-4
(2 REZ
LRy OR3Z
2
READY FOR PLOTT
A%
§
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{1y FLOT LIMEAR SCALE FI
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EMTER: BRAFHICS QUTFUT DEVICE
(1) TERMIMAL
2y FLATRBED PLOTTER

EMTER> REFEAT OFTION

{10 REPEAT Sanr FLOT
(27 FHTEH NEW MATERIAL GEQHETRY
(%) START OVER

v EMD FROGRAN

[RER VOLUME FRACTIONE TO SCaM
START VALUE, END VALUES IHMCREMFHNT
s .

TNTERS ASPECT RATIO OF FIRERS

f
G, 0

ENTER> TYPE OF AVERABIMG
IN-FLAMES TWO-DIMENSIONAL
YTAlLL SYMHETRICE: THREE-DIMENSTONA]

]}z—-—l

ENTERT HERMANS ORIEMTATION PARAMETER
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“hpTéa CHECKRD:
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HsLEHA = 90,4100
BEYA = 3, 2200
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Table 2 (continued)

ENTER™

ENTER:

ENTER

ENTER

GRAFHIC OUTEUT DATA

SEILECT COORDINATE DIRECTION
(1) Ki1

() K22

{3y K33

READY FOR PLOTT

VERTICLE AXIS MODE
1) PLOT LINEAR SCALE FOR LOGIO(Kidid
(2) FLOT LDOG CYCLE SCALE FOR LOGL1O(Kii?

GRAFHICS DQUTFUT DEVICE
(1) TERMINAL
(2) FLATBED PLOTTER

REFEAT OFTION

(1) REFEAT SAME FLOT

(2 ENTER NEW MATERTAL BEOMETRY
(33 START OVER .
{4) END FPROGRAM
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2) Graphite Fibers - Round Copper Particles and PPS Resin

Fp 2 Fy O M
Copper

Fiber Particles Resin
Resistivity (ohm-cm) 1.5x1073 1.70x107° 4.5x1010
Volume Fraction 0.30 0.20 0.50
Aspect Ratio 50 1.0 -
Orientation Parameter,
fa , (axial) 0.5 0.0 -

Calculations

Step I: Apparent volume fractions for System I graphite
fibers and PPS resin.

Ve
. 1 0.30 _
Ve *T-v. "To-o - 0:375
1 £
2
v
£
] — m 0-50 —
Ve T =V TT0 - o2 - 0625
ml f2

Resistivities for System I (see Table 3)

pi = 6.00x10"° ohm-cm
Pi = 2.40x10"% ohm-cm
Pi = 2.4-0}{].()"2 ohm-cm

Note: The influence of geometrical irregqularities and/or
surface coatings may be taken into account by
replacing the filler resistivity by the effective
resistivity.

SEffective resistivity of graphite fiber = 0.45 ohm-cm.

bEffective resistivity of copper particles 2 1.7x10-3 ohm-cm.
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Step II: Apparent volume fractions for System II
Round Copper Particles and PPS Resin

£
. 2 0.20 _
Ve =T -vwv— = T0-o0.30 - 0286
2 £
1
v
£
) - m _ 0.50 _
Ve =T v "1 -0.30 " 0714
M £

Resistivities for System II (see Table 4)

1
PII = l.784x1016 ohm—-cm
P2 = 1.784X1014 ohm~cm
ITI
Pil = 1.784X1014 ohm-cm

Step III: Calculate properties of three-phase system

i i i

p" = (1 - VL )Py + (1 - vy )Pp, - Vg B
2 1l m
1 1
1/pY = (1 - 0.286) ( —, ) + (1 - 0.375)
6.00x10
1 1
1.784x10 4.5x10
pl = 8.403x107% ohm-cm
2 1
1/P° = (1 - 0.286) ( -, ) + (1 - 0.375)
2.40%10
1
( ) = (0.50) (——2—)
1.784x%10 4.5%10%

2 3

p° = p° = 3.36%x10°% ohm-cm
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Tahle 3.
Calculstions for Swustem I For
Grarnite Fibers snd FPPS Resin

CENTER FOR COMFOSITE MATERIALS
COMPUTER SDFTWARE SYSTEMS

MICROHMECHAMICAL HODEL FOR CALCULATINGS
COMFOSITE MATERIA&L ELECTICAL AMD THERMAL
RESISTIVITIES AND CONDNUCTIVITES

VERSTONT 051182

ENTERY: CALCULATION OFTION -
{1) CALCULATE ELECTRICAL FROFPERTIES
() CALCULATE THERMAL FROFERTIES

EMTER> INFUT DOPTIDN
{1y INPUT RESISTIVITY DATA
(2 INPUT CONDUCTIVITY DATA

L0 YOU WISH TO INCLULDE A FILLER FHASE?

N

TWO FPHA&SE SYSTEM ASSUMED! RESIN/FILLER

FRTERY RESIM RESISTIVITY
4 GE+1A

EMTER> FIRER RESIGTIVITIES ’
(LORGITUDINAL » TRANSVERSE)
3.0015» 00,0015 .

ENTER: FIEER VOLUME FRACTIONS TO SCAN
START VALUE. END UaLLUE, TNCREMENT
?(375! (}03?59 190

ENTERY ASPECT RATIO OF FIRERS
G0

ENTER: TYPE OF AVERAGING
{13 IN-PLAHES: TWO-DIMENSIOMNAL ‘
(2) AXIAL SYMHRETRIC: THREE-DIMEMSIOHAL

2
ENTER> HFRMANS DRIENTATION FARAMETER

DEFLAULT ELECTRICAL CTALIBRATIOM PARAMETERS

“ATa CHECK:

CalIBRATION FPARAMETERS
AlLPHA = 0.410C
BETA = GL.2900
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Table 3 (continued)

0 OY0U WISH TO CHANGE THI

oo Yol WISH & TARLE OF

b TATAT
v

0 You WIsSH A CONFUTER FLOTY
3]

03750 GLE000 &, 0000E-03 2.4000E-02 2. 4000F-02
FMTER> RFFPEAT OPTION

£1) REPFEAT SARE FPLOT
(2 ENTER NFUW
(3)Y START OVER
{4y EMD PROGRAH

MAaTERIAL GEOMETRY




119

Table 4.
Czlculations for Swstem I for
Fourd Correr Farticles and FFS Resin

CENTER FOR COMPOSITE MATERIALS
COMFUTER SOFTWARE SYSTEMS ‘

ﬁiCRDﬁEﬁHéNICﬁL MODEL FOR CALCULATING?
COMEOSITE MATERIAL ELECTICAL ANDT THERMAL
REFGISTIVITIES AND CONDUCTIVITES

UERSIONS 051182

HLCULATION OFTION :
1) CALCULATE ELECTRICAL FPROFERTIES
2

ENTERS: T
£
{ Cal CULATE THERMAL FROFERTIES

EMTER:> INMFUT DFTION
£1) INFUT RESISTIVITY DATA
{2y INFUT CONMDUCTIVITY DATA

N0 YOU WISH TO INCLUDE A FILLER FHASET

i

TWD FHASE SYSTEM ASSUMEDI; RESIN/FILLER

FNTER> RESIN RESISTIVITY
4, GE+14

FMTER® FIEER RESISTIUITIES
{LONGITUDRINAL » TRANSVEREE)
1<7E“é! 1§7E"6

CNTER> FIRER VOLUME FRACTIONS TD SCAN
START Val.UE. END yal UEy  INCREMENT
0@285? 09286? 1@0

EMTER:> ASPECY RéTIDVUF FIEERS

10

ENTER> TYFE OF AVERAGING :
{13 IN-FLANES TWO-DIMENSIONAL
() AXIAL SYMMETRIC3 THRFE-DIMENSIOMAL
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Table 4 (continued)

o
~i
m
s
T
m
EJ
§

Mo ORIENTATION PARAMFTER

DEFLAULT ELECTRICAL CALIBRATIOM FPARAMETERS

“TaTa CHECK:

DELTERATION PaRAMETERS
ALFHE = 03,4100
HETA = 00,2900

G0 You WISH T CHaMNGE THERE VALUEST

i

U you WISH A TakLE OF DaTavw
v

ﬂD‘YUU WISH & COMPUTER PLOTY
Al

£ FCTRTCM
RESITIVITIES OF COMPOSITE MATERIAL 1 AXIal CAGE

APE+LA 1.783%E+14

LO

{3, 238&0 0.0000 1.7837E+14 1,71

CEFEAT OPTION

{1 REFEAT SarE FLDOT

23 EMTER MNEW HMATERIAL GBEDMETRY
{3 STaART OVER

4) END FROGRAM
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3) Graphite Fibers - Copper Flakes and PPS Resin

F 2 Fp O M
Copper
Fiber Particles Resin

Resistivity (ohm-cm) 1.5%x10~3 1.70x10~6 4.5x1016
Volume Fraction 0.2 0.5 0.3
Aspect Ratio 50 1.0x10"3
Orientation Parameter,
£fa , (axial) 0.5 0.0

Calculations

Step I: Apparent volume fractions for System I graphite
fibers and PPS resin.

v
£
. 1 _ 0.2 _
v L T=v, TTOo-0:5 0.4
2
v
£
) — m = 003 =
me ST-v, TTo-o0.5 0.6
1 2

Resistivities for System I (see Table 5)

H =

pl = 5.616x10"° ohm-cm

pi = 2.223x10"2 ohm-cm
Pi = 2.223:{10“2 ohm-cm

Note: The influence of geometrical irreqularities and/or
surface coatings may be taken into account by
replacing the filler resistivity by the effective
resistivity.

qEffective resistivity of graphite fiber z 0.45 ohm=-cm.

PEffective resistivity of copper particles =z 1.7x10-3 ohm-cm.
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Step II: Apparent volume fractions for System II
Copper Flakes and PPS Resin

Ve
o 2 0.5 _
Ve =T —-v. “1T.0-0.2 = 0:625
2 £
1
v
£
. _ m _ 0.3 _
Ve =12 v, " To-o0.2" 0.375
My 1

Resistivities for System II (see Table 6)

p%l = 4.080x10"° ohm-cm
2 -4
PII = 4.080x10 ohm-cm
P%I = 4.080x10"% ohm-cm
Step III: Calculate properties of three-phase system
1 1
1/P7 = (1 - 0.615) (————"—~—:3) + (1 - 0.4)
5.616x10
1 1
( ) = (0.3) (——,)
4.080x10 4.5x10
pt = 6.80x10"°% ohm-cm
2 1
1/P° = (1 - 0.625) ( _2) + (1 - 0.4)
2.223x10
1 1
( =) - (0.3) (——=)
4.080x10 4.5x10

2 3

p° = P> = 6.80x10"° ohm-cm
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Tzble 5.
Caleulate Resistivities for Swustem I
Grarhite Fibers and FPS Resiro,

DENTER FOR COMPOSITE MATERIALS
COMPUTER S0FTWARE SYSTEMS

MICROMECHANICAL MODEL FOR CALCULATING: .
COMPDOSITE MATERIAL ELECTICAL. AN THERMAL
RESISTIVITIES AND CONDUCTIVITES

URREION? 051182

EMTER> CALTULATION OFTION ,
(1) CAlLCULATE ELECTRICAL FROFPERTIES
{2) CALCULATE THERMAL PROFPERTIES

ENTER> INFUT OFTION
(LY INFUT RESISTIVITY UATA
(23 INFUT CONUUCTIVITY DATA

oo You WISH TO INCLUDE A FILLER PHABET
] .

TWD FHASE SYSTEM ASSUMED: RFSIN/FILLER

FHTER> RESIN RESISTIVITY

Lo
Ko N

ENTER> FIBER RESISTIVITIES
(LONGITUDINAL » TRANSVERSE)
05,0015, 6,0015

EMTER™ FIBER VOLUME FRACTIONS TO SCAN
GTART VALUE, END VALUE, TNCREMENT
o4 0.8 1,0

ENTER: ASFECT RATIO OF FIRERS

G0

ENTER> TYPE OF AVERAGING
(17 IN-PLANE:; TWO-DIMENSIOMAL
(2 AXIAL SYMMETRICS THREF-DIMENSIONAL

EMTER> HERMANS ORIEMTATION PARAMFTER

S

DEFLAULT ELECTRICAL CALIBRATION FARAMETERS
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Table 5 (continued)

SIATE CHECK:
DELTRERATION PARANETERS
AlPHE = 0.4100
- RETH = G 2900

0 You WISH TO CHAMNGE THESE ValUEsT

Lo you Wi

[X3]

H & TARLE OF DATAT
DOoY0U WISH A& COMPUTER FLOTY

ELECTRICAL A
REEITIVITIES OF COMPOSITE MaATERIAL ¥ axIal Ca&

: 2 33
. - Ao = sqr - -~ oy R o] i a
0,4000 O, S000 L, A157E~03 S 2232E~02 DR 2IZE-G2

) -

yOEMTER MEW HATERIAL GEORETRY
y BTART DUVER

¥OEND PROGRAHM

.
o

7




125

Table &.
Celculate Resistivities for Sustem
Corear Flskes a2l PFS Resin.

CENTER FOR COMPﬁSITE MATERTALS
COMPUTER SOFTWARE SYSTEMS

MICROMECHAMICAL MODEL FOR CALCULLATINGS
COMFOSTITE MATERIAL ELECTICAL AND THERMAL
RESISTIVITIES AND COMDUCTIVITES

VERSTON? 051182

ENTER: CALCULATION OFTION
(1) CALTULATE ELECTRICAL FROFPERTIES
(2) CALCULATE THERMAL PROFERTIES

ENTER®> INFUT OFTIONM
' (1) INPUT RESISTIVITY DATA
(2) INPUT CONDUCTIVITY DAaTa
1

N D0 You WIisH TO INCLUDE A FILLER FPHASE?
TWO PHASE SYSTEM ASSUMED: RESINAFILLER

ENTERY> RESIMN RESISTIVITY
AL, 85E+16

ENTER:> FIRER RESISTIVITIE

8
(LONGITUDINAL » TRANSVERSE)
Le7E~4s 1.7E-8 -

ENTER> FIBER VOLUME FRACTIONS TD SCAN
START VALUE, END VALUE: INCREMENT

Coh2000,62% 1,0

EMTER: ASPECT RATIO OF FIRERS
1.OE-5 : '

ENTER> TYFE OF AVERAGING
C1Yy TM-PLAMES TWO-DIMEMSTOMAL

-

ENMTER: MERMANES ORTENTATIOMN FaRaMETER

DEFLAULT ELECTRICAL CALIBRATION PARAMETERS

II

- (23 AXTAL SYMMETRICE: THREE-DIMENSTONAL
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Table 6 (continued)

SIATA CHECK:

FaRAMETERS
0L AT00D
00,2900

M 00 Y WISH 70 CHANGE THESE UalUEg?
Y W Yol WIGH & TakLE OF DaTar
M HOOYOU WISH & COMPUMTER FLOT?

SLECTRINAL

,Ti”lrf

COMFOSTITE Ma

[S I SYST 0

EMTER> REFEAT OFTION
(LY REFPEAST SaME FLOT
(23 EMNTER WLU MATERTAL OEOMETRY
L3y BTART OVER ‘
CAY MDD PROGRAM
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4) Graphite Fibers - Copper Fibers and PPS Resin

Fp 2 Fop D M
Copper
Fiber Fibers Resin
Resistivity (ohm-cm) 1.5x10"3 1.7x10™6 4.5x1016
Volume Fraction 0.2 0.5 0.3
Aspect Ratio 50.0 50.0 --
Orientation Parameter,

Calculations

Step I: Apparent volume fractions for System I graphite
fivers and PPS resin.

v
£
1 0.2
V' = == = 004
£ °T-v, “To-05
v
£
. _ m 0.3 -
Ve =71= v, “T.0-0.5 0.6
m 2

Resistivities for System I (see Table 5)

Pi = 5.616x10°° ohm-cm
Pi = 2.2231{10-2 ohm-cm
pi = 2.223x10"2 ohm-cm

Note: The influence of geometrical irregularities and/or
surface coatings may be taken into account by
replacing the filler resistivity by the effective
resistivity.

qEffective resistivity of graphite fiber z 0.45 ohm-cm.

bEffective resistivity of copper particles =z 1.7x10-3 ohm-cm.
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Step II: Apparent volume fractions for System II
Copper Fibers and PPS Resin

£
. 2 0.5 _
Ve =T -V, "1.0-0.2 =~ 0:625
2 £
1
v
£
' - m - 0.3 -
me -1 - Ve 1.0 - 0.2 R
2 1

Resistivities for System II (see Table 7)

Pix = 4.080x10"° ohm-cm

P2 = 1.632}{10"5 ohm~cm
II

PiI = 1.632x10'5 ohm-cm

Step IIT: Calculate properties of three-phase system

1/P" = (1 - 0.625) (——2——) + (1 - 0.4)
5.616x10
1 1
( =) — (0.3) (——)
4.080x10 4.5%x10
pl = 7.00:(10-6 chm-cm
2 1
1/p® = (1 - 0.625) ( =) + (1 - 0.4)
2.223x10
1
( ) - (0.3) (———)
1.632x10 4,.5x10

p2 = P3 = 2.7:{10“5 ohm=-cm
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Tatile 7,
Calruylaste Resistivities for Swstem II
Coprer Fibers and PFS Resin.

CEFMTER FOR COMFOSITE HATERIALS
COMPUTER SOFTWARE SYSTEMS

MICROMECHANICAL MOUEL FOR CAl CULATING:
CrMPOSITE MATERIAL ELECTICAL AND THERMAL
RESISTIVITIES aNIN COMDUCTIVITES

VIRESIONS 051182

EMTER» CaALCULATION DFTION
(1) CALCULATE ELECTRICAL FROFERTIES
(2) CALCULATE THERMAL FROFERTIES

ENTER>» INFUT OFTION
{17 INPUT RESISTIVITY DATA
(2) INFUT CONDUCTIVITY DATA

no YOU WIGH TO INCLUDE A FILLER PHASE?
i

TWO FHASE SYSTEM ASSUMEDN! RESIN/FILLER

FNTER> RESIN RESISTIVITY
4.3ET14 :

EMTER:> FIRER RESISTIVITIES
(LONGITUDINAL » TRANSVERSE)
1.7E-&: 1.7E-&

ENTER® FIEBER VOLUMF FRACTIONS TO ECAN
START VALUEs ENT UalLUE, INCREMENT
0.5625, 0,625 1.0 )

EMTER: ASFECT RATIO OF FIBERS
GG, 0

EMTER> TYFE OF AVERAGING
(1) IMN-PLAMEF TWO-DIMENSIONAL
(2) AXIAlL SYMMETRICS THREE-DIMENSIONAL

ENTER» HERMANS ORIENTATION PARAMETER
DEFLAULT ELECTRICAL CALIBRATION PARAMETERS




130

Table 7 (continued)

FTOM PaR&HFETERS
e = 054100

LOOYOU WISH TO CHANGE THEZE ValLUgsyt

e

Qb YO WISH & TaBRLE OF DaTAT
OOY0U WISH & COMPUTER FLoTT

ELECTRICAL
RESITIVITIES

OF COMPOSTITE MATERTIAL @ AXIa

. TASF

ENTER: REFEAT OFTINN

» REFEAT SaMe pLOT

1) ENTER NEW MATERIAL GREOMETRY
7OSTART DwER

)

END PROGRAH
A
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5) Nickel Coated Graphite Fibers and PPS Resin

Nickel Coated Fibera Resin
Resistivity (ohm-cm) 2.5%103 4.5x10%°
Volume Fraction Variable
Aspect Ratio 50.0
Orientation Parameter,
fa , (axial) 0.5
. Executions are given in Table 8 for the computer

graphs depicted in Figures 4, 5, and 6 for Kj , K3 ,
and K3 , respectively.

qpffective resistivity for damaged coatings (see Table VIII
of text).
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Tanle 3. .
Czloulztions for Nickel Doated

Fipers and FPS Resin Comeasibe.

CEMTER FOR COWMPOSITE MATERIALS
COMPUTER SUFTWARF SYSTEMS

MICROMECH&MICAL MODEL FOR CALCULATING!
COMFOSITE MaTERIAL ELECTICAl AMD THERMAL
RESISTIVITIES &ND DOMRUCTIVITES

VERSTIONT 051182

EMTERY CALCULATION QFTION
(1) CAICULATE ELFECTRICAL PROPERTIES

(2% CalCULATE THFERMAL PROFERTIES
1

ENTERE: INFUT QPTION
{170 IWFUT RESISTIVITY DATA
(20 INPUT COMNDUCTTIVITY DaTa

1 s

-+ Q0 70U WISH TO INCLULDE & FILLER PHASET
M

.

TWO PHASE BYSTEM ASSUMED? RESIN/FILLER

EMNTER> RESIH RESIS TI”IT(
SE+14s

-

m

SMTER> FIBER RESISTIVITIES
LDHbITHUIHH(wTPHH“UFRSF}

- AOE L 8
3.0025 0,00325

EMTER> FIBER VDLUME FRACTIONS TO 304N
START Val UE, END VALUEs INCREMEMT

2.0y 1.0 0,02,

ENTER: ﬁ“”‘FT RATIO OQF FIBERS
TG




133

Table 8 (continued)

ENTER> TYFE OF AVERAGING
(1) IN-PLANEF TWO-DIMENSIONAL

{2) AXIAL SYMMETRICF THREE-DIMENSIONAL
e > ’
- ENTER> HERMAMS DRIENTATION‘PQRQMETER
0*5? '

DEFLAULT ELECTRICAL CALIBRATION FARAMETERS

“DATA CHECKRX
CALIBRATION FARAMETERS

AlLPHA = 0.,4100
BETA = 0.2%00

. oy vou WISH TO CHANGE THESE VALUES?

N

+ HO'YOUnNISH A TABLE OF DATAT
¥

+ oo YOU WISH A COMFUTER PLOT?
v .

{

ENTER> GRAFHIC QUTFUT DATA
SELECT COORNINATE DIRFCTION
(1) Kit ’
(2) K22
{3) K33
1
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Table 8 (continued)
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Table 8 (continued) 135

+ READY FOR PLOTT
v -

ENTER® YERTICLE AXIS ™MODE
(1) PLOT LINEAR SCa&LE FOR LOGLO(Kii) -
{2 FLOT LOG CYCLE 3CALE FOR LOGL1O(Kii)
1 . ‘

ENTER> GRAFPHICS DBUTPUT DEVICE
{13 TERMINAL _
(2) FLATBED FLOTTER
2 .'
ENTER> REFEAT OFTION
(1) REFEAT SAME PLOT
{2) ENTER NEW MATERIAL GEOMETRY
{3) START DVER
{4) ENI PROGRANM.

ENTER: FIBER UOLUNE FRACTIONS TO SCAN
START VALUE> END VALUE, INCREMENT
O:0: 1.0» 0,02,

ENTER> ASPECT RATIOQ OF FIRERS
OOy ' ’

ENTER> TYFE OF AVERAGING

(1) IN-FLANES; TWO-DIMEMSIONAL -
{2y AXIAL SYHMMETRIC: THREE-DIMEMSIONAL

ENTER> HERMANS ORIENTATION PARAMETER
’::'»5!
DEFLAULT ELECTRICAL CALTIBRATION PARAMETERS

ZOATA CHECKX
CALIBRATION PARAMETERS

ALFHA =  0.4100
RETA =  0.2900
+ DO YOU WISH TO CHANGE THESE VALUES?
" .
+ DO YOU WISH A TABLE OF DATA?
N .
+ DO YOU WISH A& COMFUTER FLOT?
y !

ENTER: GRAPHIC OQUTPUT TATA
SELECT COORTIINATE DIRECTION
(13 K11
(23 K22
(3 K33

b
Al ¥




Table 8 (continued) 136
+ READY FDR PLDT?

EMTERY> VER It
{13 rLGT LIﬂr N C o FOR LOGI0(NLL)
(2% PLOT LOG CYCLE ESCAaLE FOR LOGLOCRIL:

ENTERY> GBRAFHICS QUTPUT DEVICE
3 TERMIHAI
¥ FLLATBED PLOTTER

EMTER> REPEAT OFPTION
(1) REFEAT SaAME PLOT
(2 EMTER HEW HATERIAL GEGHMETRY
(3 START DVER
(4) END PRDGRAM

EHTER? FIRBER VDLUME FRACTIOHS TO SCaR
START YalUE: END VAl UEs INCREMERT
Q.G 3.0 0,028

ENTER> ASPECT RATIO OF FIERERS
E0, O

ENTER:> TYPRE OF AVERAGIMNG
(1) ITH-FLAME: TUD-TIMENSIOMAL
(23 AXTIAL SYMHETRIC: THREE-DIMEMSIOMAL

2
ENTER: HERMAMS ORIEMTATION FPARAHETER
a0y

CEFLALLT ELECTRICAL CALIBRATION FARAHETERS

SO&TA THECK: ; )
CALIRRATION PARAMETERS

ALFPHA 0.,4100

ET & 0,2900

i

+ o

]

YOI WISH TO CHANGE THESE VALUEST

+ 0G0 You WISsH & TaBLE OF OATAT

+ 0O ¥OU WISH & COMPUTER PLOTT

QUTFUT DaTA
COORTIINATE DIRECTION
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Table 8 (continued)

+ READY FOR FLOT?
Y

EMTER: VERTICLE AXIS HOIDE
(1> PLOT LINEAR SCALFE FOR LOGLO(Kii)
(2) PLOT LOG CYCLE SCALE FOR LOGIO(Kii)

ENTER> GRAFHICS QUTRUT DEVICE
(1) TERMINAL
(2) FLATEEL FLOTTER

EMTERY> REFEAT OFTION
(1> RFFEAT SaME PLOT ,
{2) ENMTER NEW MATERIAL GEOMETRY
(3> START ODVER
(4) EMIN PROGRAM
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Copper Fibers and PPS Resin

Resistivity (ohm-cm)
Volume Fraction
Aspect Ratio

Orientation Parameter,

fa , (axial)

graphs depicted in Figures 7

and K3 , respectively.

Note: The influence of geometri
surface coatings may be t
replacing the filler resi

resistivity.

QEffective resistivity of copper

Copper Fibers® Resin
1.70x107° 4.5x1010
Variable
5000 -
005 -

Executions are given in Table 9 for the computer

» 8, and 9 for Ky , Ko ,

cal irreqularities and/or
aken into account for
stivity by the effective

=4

1.70x10-3 ohm-cm.




Calcoulation:
for Doresp

CEMTER FOR COMPOIITE MATERIALS
COMPUTER SOFTWARE SYSTEMS

ﬁTPRUﬁF“Wﬁ
COMPFOSTTE H

i MODEL FUOR Cal.CULATII
&
RFSISTIVITIE

I é3
RIal, ELECTICAL adn THERP
AT COMIUCTIVITES

+
+

Ca
TE
&

VERSION: OB1182

ENTERSY CaALCULATION QPTION
(1 CALCULATE ELECTRICAl PROFERTIES
(2 o

CALCULATE THERMH&L PROFERTIES

EMTER: IWNFUT ORTION
(1) IMPUT RESISTIVITY DATA
(2% INFUT COMDUDTIVITY DATH

+ U0 YOU WISH TO IMCLUDE & FILLER FHASE?

THO FHABE SYSTEM ASSUMEDND RESIN/FILLER

ENTER> RESIN RESISTIVITY
4, 5E+1 4

ENTERY FIERER RESISTIVITIES
(LOMGTTUDIMNAL » TRANSVERSE

I
LaFE~4

s‘.‘j
™
{
A

-
2y

EMTER® FIRBER VOLUME
STAHRT ValUE,

5:}40.’ 14}'{:’7 0){“‘—33

ENTERY> ASPFECT RATIO OF FIRERS

EHTER: TYRE OF AVERAGING
(13 IM-PLANESF TWO-DIMEMSTIOMNAL
3

(2 AXTal SYHRETRIDS THREE-DIMENSIONAL

= 1

EHTERY HERM ORIENTATION FARAHETE
LI .

3
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Table 9 (continued)

DEFLAULT ELECTRICAL CALIBRATION FARAMETERS

“HATA CHECR: :
CALIBRATION PARAMETERS
ALFHA = 0.4100 .

BETA 2 2900
+\ N0 YOU WISH TO CHANGE THESE VALUEST
M
+Y o YOU WISH é TﬁBLE OF 0aTa?
+H o) YOU WISH A& COMFUTER FLOT?
T

ENTER: GRAFHIC QUTFUT DATA
SELFCT COORDINATE OIRECTION
(1 K11
{23 K22
(Z) K33
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Table 9 (continued)
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Table 9 (continued) 145

+ REaDY FOR FLOTT

EMTER: VERTICLE AXIS MODE
| (1) PLOT LINEAR SCALE FOR LOGLO(Kii)
(25 PLOT LOG CYCLE SCALE FOR LOGIO(KiIi)

ENTER> GRAFHICS OQUTFUT DEVICE. -
(1) TERMIMAL
(2) FLATRED FLOTTER

o ?

EMTER: REFEAY OFTION
{1) REFEAT SaAMR FLOT
{2) EMTER MEW MATERIAL GEOMETRY
{3) 8TART QVER
(4) EMD PROGR&HM

ENTER> FIBER VIOLUME FRACTIONS T SCAN
START VALUE» END VAL UE» IMCREMENT
Q.0y 1.0y 0,02

ENTER> ASPECT RATIO OF FIREKS
50«907 '

EMTER: TYPE OF. aVERAGING
(1) IN-FLAME; TWO-DIMENSIONAL
(2 aXIaAl, SYMMETRIC? THREE-DIMENSIONAL

EHTER> HERMANS ORIENTATION PARAMETER

GGy
DEFLAULT ELECTRICAL CALIBRATIOMN FARAMETERS

“IATA CHECK::

CALIBRATION PARAMETERS
ALFHA = 0,4100
BETA = C.2900

+ ) YOU WISH TO CHAMNGE THESE VALLUES?T
M '

+ o0 YOuU WISH & TARLE OF DATAT
N

+ 0 YOU WISH A COMFUTER PLOT?




Table 9 (continued) 146

ENTERY GRAPHIC OUTPUT 0aTA
SELECT COORDIMATE DIRECTION
(1) Kil
{2y K22

(3 K33
+ REATIY FOlr 2LOT?T

ENTER> VERTICLE AXIS MOUE
{1y FLOT LIMNEAR SCAIE FOR LOGLOINLIL)
T2y PLOT LOG CYCLE BCALE FOR LOGLIGOMLG
1w

ENTER: GRAFPHICS DUTRFUT DEVICE
L1 TERMINAL
(2 FLATBED FLOTTER

?
ENTER: REFEAT OFTION
(1 REPEAT SaMiE FLAOT
{2y ENTER NEW MATERIAL GEOMETRY
{3y START OVER
{4 END PROGRAH
2

ENTER® BOVOLUME FRACTIONS T S0AN
ART VALUE, END VALUE, INOCREMENT
2

2:08 1.0

ENTER: ASPECT RATID OF FIRERS
T.0s

EHTER> T¥PE OF AVERAGING
(1) IM-PLAME: TWO-DIMENGSIOMAL
{2y AXIAL SYMHETRIC: THREE-DIMENSIOMAL
ENMTER> HERMAMNS ORIENTATION FARAMETER

’:)55!
DEFLAULT ELECTRICAL CALTIERATION PARAMETERS
“DATA CHECK:
CALIBRATION FARAMETERS
Al FHa = 0, 4300

BETA = D.2200
+ 0wl oYou WISH TQ CHAMGE THESE VALUEST

oo oyou WISH & TABLE OF DATAT

+ LG 70U WISH & COMPUTER PLOT?




Table 9 (continued) 147

EMTER> GRAFHIC OUTFUT DATA
SELFCT COORDINATE DIRECTION
{1 K11
{2 K22
{3) K33

P2
@

+ READY FOR PLOTT

ENTER> VERTICLE AXIS MODE

(1) FLOT LINEAR SCALE FOR LOGI1O(RI1)
{(2) FLOT LOG CYCLE SCALE FOR LOGLO{Kidi)

ENTER> GRAPHICS OUTPUT DEVICE
{1) TERMINAL
{2) FLATRED FPLOTTER

-
,\'.). »

ENTER: REPEAT QFTION
(1) REFEAT SaME FLOT
(2) ENTER MNEW MATERIAL GEOMETRY
(3) START OVER '
(4) ENT FROGRAM
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7) Copper Flakes and PPS Resin

Copper Flakes® Resin
Resistivity (ohm-cm) 1.70x10-6 4.5x1016
Volume Fraction Variable
Aspect Ratio 1.0x10™3 -

Orientation Parameter,
fa . (axial) 1.0 -

Executions are given in Table 10 for the computer
graphs depicted in Figures 10, 11 and 12 for K; , Kp ,

and K3 , respectively.

Note: The influence of geometrical irregularities and/or
surface coatings may be taken into account for
replacing the filler resistivity by the effective
resistivity.

qEffective resistivity of copper = 1.70x10-3 ohm-cm.




Tanle 10,
Calculstions Tor Resiztivitye fTor
Correr Flzkes znag FFS Resin.

CENTER FOR COWMFOSITE MATERIALS
COMFPUTER SOFTWARE SYSTEMS

ATCROMECHARICAL MODEL FOH CALCULATING?
COMPOSITE MATERIAL ELECTICAL AMD THERMAL
RESISTIVITIES atl COMDUCTIVITES

VERGTION: 051182

ENTER> CALCULATION OFTION
(1) CALCULATE ELECTRICAL FROFER
{23 CALCULATE THERMALL PROFPERTIE

EMTERY INFUT OFTION
(1) IMPUT RESISTIVITY DATA
(2% INFUT COMDUICTIVITY DAaTA

+ N0 YoU WISH TO INCLUDE & FILLER PFHASE?

TWUD FHABE SYSTEM ABSUMED! RESIN/FULLER

ENTER> RESIN RESISTIVITY
4. 5E+18s

ENTER: FIRER RESISTIVITIES
(LONGITUDINAL » TRANSVEREES

L+7E-&7 1,7E-&>»

EHTER> FIRER VYOLUME FRACTIONS TQ SCAH
START VALUE, END VALUE: INCREMENT
0.0 1.0 0.02: :

ENTER>® ASFECT RATIO OF FIRERS
S C‘E""S?

EHTERX: TYFE OF AVERAGING
(1) IM-FLANFESF TWO- DIMF“HIJHAL

2y AXIAL SYMMETRIC: THREE-UIMEMSIOMHA!

EMTER> HERMANS ORIENTATION PARARETER
1909

CEFLAULT ELECTRICAL CALIBRATION FARAHKETERS
“UATA CHECK:

CALIBRATION PaR&aHETERS
ALFHA = 0.4100

RETA = 0,2200
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Table 10 (continued)

+ i3]
M

+ o
Y

+ o
Y
ENTER>

1

YOU WISH TO CHANGE THESE Valllz37?
S YOU WISH A TARLE OF DATAT
YOU WISH A COMPUTER PLOT?

GRAFHIC DUTFUT DATA

SELLECT CNORNINATE DIRECTION
(1) K11 '

(23 K22

(3> K33
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Table 10 (continued)
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Table 10 (continued) 155

+ REARY FOR PLOTT

ENTER> VERTICLE AXIS MOIE
(1) PLOT LINEAR SCaALE FOR LOGLIO(KLL)
{2y FLOT LOG CYCLE SCalE FOR LOGLO(KiIL)
1»

EMTER> GRAFHICS QUTFUT DEVICE
(1Y TERMINAL
(2) FLATRBED FLOTTER

2
ENTER> REFEAT QFTION
(1) RFFEAT ESaHE PLOT
(2) EMTER NEW MATERIAL GEOHETRY
{(3) START OVER
{4) ENN FPROGRAM

ENTER> FIBER VOLUME FRACTIONS TO HCAN
' START VALUEy ERD VALUEs INCREMENT
(}f,Os 100? 00029 '

ENTER> ASFECT RATIO OF FIBERS
L+OE-G» '

ENTER> TYFE OF AVERAGING
(1) IN-FPLANE? TWO-DIMENSIOMNAL
(23 AXIal. SYMHMETRICS THREE-DIMENSIONAL
2 : - ‘
EMTER> HERMANS ORIENTATION FARAMETER
100.‘

DEFLAULT ELECTRICAL CALIBRATION FARAMETERS

“DATA CHECKDX
CALIEBRATION PARAMETERS

ALFHA = 0.,4100
BETA = 0.,2900
+ DO YOU WISH TO CHANGE THESE YalLukEs?
N : ,
+ 0o YoU WISH A TARLE OF DATAT
3!
+ OO YoU WISH A& COMPUTER PLOT?
¥ .

EMTER: GRAPHIC OQUTPRUT LATaA
SELECT COORDIINATE DIRECTION
(1) K11
{2y K22
{3 K33
)




156
Table 10 (continued)

¥ REALY FOR PLOTY

ENTER> VERTICLE aAXIZ wMOnE
{4y PLOT LIHEAR SCALE FOR LOGIIKIL?
(23 PLOT LOG CYCLE SCALE FOR LOB1OK1I1)
1op '
FHTERS GRaPFHICS QUTRUT DEVICE
(1) TERMIHAL
{2y FLATRED FLOTTER
2 '
ERTER SEEAT OPTIOH
REPEAT SarE PLOT
EHNTER MEW MATERIAL GEIMITRY
START OQUER
ENTY PROGRAH
)

IgE QLUME FRACTIONS TD SCAD
STaRT VAalLUE, END VaALUE, TNCREMENT
PR

ENTEH? ASFEDT RATIO OF FIBERS
L OE-Se :

ERTER> TYPE OF AVERAGING
£1y IH-FLANEG TWO-DIMENSIONAL
(23 Anlé_ SYHMETRIC: THREE-DINENEZIONAL

P
CENTER> HERMAMS ORIENTATION PARAMIETER
120s
SFLAULT !rusﬁICQL CALIBRATION FARAMETERS
ETQTA CHE G
CALIBRATION FPaRAHETERS
ALFHA = 03100
BETA = (14 2200

+ Lo YDU WISH TO CHAaMGE THESE VALUEST
+ Lo YoUu WISH A TaRLE OF OATA7

S COMPUTER PLOT?

+ o0 You WIigsH
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Table 10 (continued)

ENTER> GRAPHIC QUTPUT DATA
SELECT COORDIMNATE DIRECTION

(1) K11
(2y K22
(3) K33
Y
+ - READY FOR PLOT?
¥

ENTER> VERTICLE AXIS MODE
(1) PLOT LIHEAR SCALE FOR LOGLO(Kii?Z
(2) PLOT LOG CYCLE SCaLE FOR LOG1O(Kiid
1

ENTER> GRAFHICS OQUTFUT DEVICE
(1) TERMIMAL
{2y FLATBED FLOTTER

ENTER:> REFEAT OFPTION
' (1) REFE&T SaME PLOT
(2) ENTER NFW MATERIAL GEOMETRY
(3 STaRT OQVER
{4) ENI PROGRAM
4.
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